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Sammanfattning
Nyckelord: Kallarbetsstål; Härdning; Anlöpning; Mikrostruktur; Restaustenit;
Martensit; Bainit; Svepelektronmikroskopi; Hårdhet; Slagseghet.
Detta arbete presenterar undersökningar relaterade till fasomvandlingar som
förekommer i det 5% Cr kallarbetsstålet Caldie under härdning och anlöpning.
Inverkan av austenitiseringstemperaturer, kylningshastigheter, djupkylning,
isoterma behandlingar under kylning, anlöpningstemperaturer och hålltider på
mikrostrukturen och mekaniska egenskaper har studerats.
Den härdade mikrostrukturen hos det undersökta stålet bestod typiskt av en
blandning av platt- och lattmartensit, mindre mängder bainit, restaustenit i två
former, dels som större block, dels som tunna områden samt M7C3-karbider. En
ökning av austenitiseringstemperaturen från 1020°C till 1050°C var användbar,
eftersom den gav högre hårdhet, god tryckhållfasthet och tillräcklig seghet. En
ytterligare ökning till 1075°C resulterade emellertid i stora före detta austenitkorn,
som gav grov martensit, med en något förhöjd kolhalt. Detta visade sig minska
stålets slagseghet.
Betydande mängder restaustenit fanns kvar efter anlöpning under 2x2 timmar
mellan 200°C och 500°C medan anlöpning vid 525°C eller högre minskade
restaustenithalten till under 2%. Under hålltiden vid anlöpningstemperaturen
utskiljdes karbider i martensit och möjligen också i restaustenit. Restausteniten
destabiliserades därmed och omvandlades till martensit vid kylningen. Denna
nybildade martensit anlöptes vid efterföljande värmebehandling. Slutsatsen var att
anlöpning vid 525°C under 2x2 timmar var lämpligt för att åstadkomma en god
kombination av hårdhet, tryckhållfasthet och slagseghet för stålet.
Det konstaterades också att restaustenit omvandlades under anlöpning vid 600°C
under längre hålltid. Initialt bildades karbider i austeniten och efter en viss tid
skedde en omvandling av restausteniten till ferrit och cementit.
Dessa resultat har använts för att diskutera alternativa värmebehandlingar för det
5% Cr kallarbetsstålet Caldie och förslag till vissa förändringar av
rekommendationer för värmebehandling har framlagts.
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Effect of heat treatment on microstructure and mechanical
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This work presents investigations related to phase transformations occurring in
the 5 wt.% Cr cold work tool steel Caldie during hardening and tempering
treatments. The influence of austenitisation temperature, cooling rate, sub-zero
cooling, isothermal treatment during cooling, tempering temperature and holding
time on the microstructure and mechanical properties were investigated.
The hardened microstructure of the investigated steel consisted of a mixture of
plate and lath martensite, minor amounts of bainite, blocky and thin retained
austenite and M7C3 carbides. Increasing austenitisation temperature from 1020°C
to 1050°C was found useful as it provided higher hardness, good compressive
strength and sufficient toughness. However, a further increase to 1075°C resulted
in large prior austenite grains which produced coarse martensite containing
somewhat increased carbon content. This was found to reduce the impact
toughness of the steel.
Significant amounts of retained austenite were present after tempering for 2x2 h
between 200°C and 500°C while tempering at 525°C or higher, reduced retained
austenite content to below 2%. During holding at tempering temperature carbides
precipitated in martensite and possibly in retained austenite. The retained
austenite was thereby destabilised and transformed to martensite on cooling. This
fresh martensite was tempered by following tempering treatments. It was
concluded that tempering at 525°C for 2x2 h was suitable to achieve a good
combination of hardness, compressive strength and impact toughness.
Retained austenite was also found to transform during holding at 600°C for longer
times. Initially, carbides formed in the austenite and after some time
transformation of retained austenite to ferrite and carbides took place.
Results were used to discuss alternative heat treatment procedures for the 5
wt.% Cr cold work tool steel Caldie and some changes of current heat treatment
recommendations were suggested.
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1 Introduction
Iron is the cheapest and most important of all metals. It is the fourth most
abundant element by weight, in the crust of the earth. Pure iron is not used
commercially and is alloyed with carbon to form steel.
Steel has played a vital role to enable economic growth and prosperity in society,
for example by supporting the creation of an infrastructure like roads, railways,
buildings and bridges. Steel also holds an important position in fulfilling the future
needs for development especially in the area of engineering. According to the
World Steel Association, the production of crude steel had increased to 148.3
million tonnes in April 2018 which was an increment of 4.1% from April 2017
[1]. This increase is mainly driven by fast developing countries like China which
is producing approximately half of the world’s crude steel [1].
The use of steel in tools has been traced back to around 1200 BC when martensitic
steels were first used in weapons [2] and substituted the most commonly used
metallic material ‘Bronze’. The introduction of carbon into the iron in
combination with different heat treatments has been used throughout ages to
provide steels with high hardness and wear resistance. This was all achieved
without the help of any analytical instruments or the understanding of steel
microstructure. Instead it was an art of craftsmanship which remained mysterious
for a very long time, until explained via the fundamental of phase transformation
in steels. The development of fundamental understanding was a consequence of
theoretical and practical advancement from decades of continuous research. This
knowledge provided a great freedom to engineer special steels with desired
properties by introducing new alloying elements in iron-carbon alloy system,
controlling phase transformation by means of heat treatment and developing new
methods of steel production. A critical aspect in this development has been to
understand the interrelationship between processing, microstructure, mechanical
properties and performance.
Tool steels are fundamentally not different from other type of steels, i.e. they are
basically alloys of iron and carbon. What makes them unique is the wide range of
alloying elements that are used to provide the steel with characteristic properties
for optimum performance. These properties are hardness, strength, wear
resistance and toughness [2]. Tool steels are mostly used in industrial
manufacturing of products which makes them important in the field of
production technology. The production of tool steels demand care and
optimisation during manufacturing. At the same time better and more advanced
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tool steels are continuously developed by exploring new alloy compositions as
well as improved methods of production and processing.

1.1 Motivation
Cold work tools are used in industrial processes where the environment
temperature is below 200°C. There are many different variants of cold work tool
steels (as will be described in chapter 2), out of which the 5 wt.% Cr cold variants
are characterised by their comparatively low volume percentage (1-2%) of
undissolved carbides. These steels have hardness from 58-60 HRC, a high
compressive strength (above 2000 MPa), sufficient wear resistance (below 70
mg/min measured by a pin on disk test using a silicon dioxide paper) and adequate
un-notched impact toughness (higher than 50 J measured by Charpy impact test
at room temperature in the transverse direction). The extreme loading conditions
on cold work tools can cause failures by plastic deformation, chipping, cracking
and in worst case breakage of the tool [3]. Cold work tools are broadly used in
manufacturing industry for example in cutting, punching and shearing of metallic
and non-metallic materials, pressing or embossing in coin making, cold forming,
rolling of thin strip steels, cold extrusion of steels in manufacturing of gears, tool
holders, milling cutters etc. However, their significance in the automotive sector
has recently caught more attention.
The increasing demand for low weight vehicles in the automotive sector
emphasised the steel industry to develop a special range of steels called ‘Advanced
High Strength Steels’ (AHSS). They have tensile strengths greater than 500 MPa
and product of tensile strength and elongation up to 25000 MPa% [4]. It allows
AHSS to be used as thin sheets (0.5-2 mm) in car bodies which reduces weight,
improves fuel consumption and consequently lowers CO2 emissions [5]. The
product of high strength and elongation of AHSS is a necessity, not to
compromise on safety during car accidents [5]. The structure of a modern car is
complex and consists of parts made out of a variety of steels. The vertical support
near the window areas are A-, B- and C- pillars while other important structural
parts are door beams, crash box, seat frames etc. [3]. These parts are often made
from AHSS which is cut and formed by 5 wt.% Cr cold work tools.
The demand for AHSS in the automobile sector is expected to grow in the future
[4, 6]. Not only so, the ongoing research on AHSS aims at achieving even higher
strengths [7]. This implies that the tool steels have to offer enhanced properties
of the tools either by upgrading of the tool material or optimisation of the
performance of existing steel grades. Thus, the future demands on cold work tools
are to primarily have a higher hardness than 60 HRC in combination with a high
compressive strength to avoid permanent deformation of the cutting, blanking
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and pressing tools. A consequence of having a high hardness is that the material
can become comparatively brittle. Thus, also a sufficient impact toughness of the
tool has to be ensured for a better cracking resistance, which can minimise the
risk of tool failure and a longer tool life could be achieved.

1.2 Scope of this work
Heat treatment is critical for tool steels as it can alter the properties of the tools
significantly [8]. Optimisation of the heat treatment process is therefore important
to produce a high performance steel. A metallurgical approach is therefore
necessary i.e. to understand the interrelationship between the process,
microstructure and mechanical properties.
The objective of this study is to increase the understanding of heat treatment
procedures for the 5 wt.% Cr cold work tool steel (Uddeholms Caldie) by
investigating the connection between austenitisation, cooling, tempering
treatments and the resulting microstructures and mechanical properties. This
required a focus on understanding the transformation kinetics, in particular during
cooling and tempering, and methods for analysing and interpreting the very fine
scaled microstructures and their constituents. A better understanding will provide
possibilities to optimise heat treatments for specific applications and tool
geometries.
It was decided to investigate the microstructural evolution during heat treatment
and to understand how this microstructure was formed i.e. what are the critical
phase transformations involved? Moreover, the influence of the various heat
treatment parameters on phase transformation as well as on the morphology and
distribution of resulting phases in the microstructure. Therefore, a combination
of experimental techniques was used to understand the microstructure and its
effects on the resulting mechanical properties.
The parameter variations in the heat treatment process were extensively explored
in this work, although only for one steel grade. A large part was dedicated to
understanding retained austenite transformation during tempering. However,
there is a large diversity in literature [9, 10, 11] on how, when, at what
temperatures and to which phase does retained austenite transform? (as will be
discussed in chapter 3). This mainly depends on the composition of the steel.
Therefore the results of retained austenite transformation in this work can only
be generalized for similar steel types, i.e. some cold work as well as hot work tool
steels. Another limitation was in the microstructural analysis that does not include
details of very fine tempering carbides because this information is commonly
available in the relevant literature. As far as the mechanical properties are
concerned, wear resistance is an important property for cold work tool steels but
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was not investigated in this study. It is believed that a higher wear resistance can
be achieved on the tool by surface coating.

1.3 Research questions
The heat treatment consists of hardening (i.e. austenitisation and cooling) and
tempering. These processes affect the microstructure and thereby the mechanical
properties of the steel. Thus the following research questions were considered
most important:
1) How does a) the hardening and b) the tempering treatment parameters
affect the microstructure and mechanical properties?
2) How should features in the very fine scaled microstructures be
interpreted and what is their relevance for properties?
3) How does retained austenite transform during tempering?
4) What is the influence of temperature and holding time on tempering of
martensite?
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2 Tool steels
Tool steels are the alloys used to manufacture the tools, dies and moulds that cut,
shape and form other materials including steels, non-ferrous alloys, and plastics,
at either elevated or room temperatures [2].

2.1 Classification
The main groups of tool steels are classified by American Iron and Steel Institute
(AISI) as shown in Table 2.1.
Table 2.1 Classification of tool steels and their AISI designations [2].
Groups
Hot work tool steels

Chromium or tungsten or molybdenum
High carbon and high chromium

AISI
Symbol
H
D

Cold work tool steels

Oil-hardened

O

Air hardening, medium alloy

A

Tungsten

T

Molybdenum

M

High speed tool steels

Plastic mould steels

P

Water hardening tool steels
Shock resistance tool steels

W
S

Tool steels are arranged into groups by their prominent characteristic such as
alloying composition (e.g. tungsten (T) and molybdenum (M) high speed steels),
heat treatments (e.g. oil (O), air (A) and water (W) hardening tool steels) or by
application area (e.g. cold work (D) or hot work (H) tool steels). In the early stage
of development, tool steels were also identified by digit designations in the
Unified Numbering System (UNS) for metals and alloys, established by Society
of Automobile and Engineers (SAE) and the American Society for Testing and
Materials (ASTM). However, this system was merged into the AISI system where
the last one or two digits of the AISI designation has its origin in the earlier UNS
code. These numbers are now used for classification and have no special meaning
other than to find their origin in the UNS system. Examples of nominal chemical
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composition of some tool steels are provided in Table 2.2. Notice that the steel
investigated in this thesis has a composition close to A2 type cold work tool steel.
Table 2.2 Nominal chemical composition of some commonly used tool steels (wt.%)
[2, 12].
AISI designations
H11
D2
A2
O1
M2

C
0.3
1.5
1.0
0.9
0.8

Mn
0.5
0.4
0.5
1.0
0.4

Si
0.2
0.3
0.2
0.3
0.3

Cr
5.0
12.0
5.0
0.5
4.0

V
0.6
1.0
0.5
0.3
2.0

W
0.5
6.0

Mo
2.5
1.0
1.0
5.0

2.2 Production
The common routes to produce tool steels are by conventional, Electro Slag Remelting (ESR) and powder metallurgy. All of the routes consist of a series of
different processes performed stepwise until a final product is ready.
At Uddeholms AB, the conventional route is used to produce tool steels. The first
step in the production of tool steels is the melting of steel scrap in an electric arc
furnace, followed by an addition of alloying elements to achieve a desired
chemical composition. The molten steel is then taken to a ladle furnace where it
is slowly heated and continuously stirred with argon, the melt is thus refined by
de-oxidation and de-sulfurization. The ladle is then carried to a vacuum degassing
unit for further refining as continuous stirring at low pressures removes CO from
the molten steel along with hydrogen, nitrogen and sulphur.
The molten steel is carried up to an up-hill casting unit for solidification, as shown
in Fig. 2.1. The melt is poured into a tundish from where the melt is carried
through narrow tubes to a casting plate and up into the mould where it solidifies.
During solidification, the wall of the mould is at a lower temperature than the
steel melt. Thus, the liquid in contact with the wall of the mould solidifies faster
than the centre of the ingot i.e. the last solidified melt has a different composition
than the first solid fraction [13] and this result in composition variations over the
cast ingot. It is therefore a standard practice to perform a homogenization heat
treatment of the ingot [14]. The standard homogenization treatment is carried out
above 1200°C for 15 hours or more.
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Figure 2.1 The molten steel is solidified in an uphill casting unit. (Courtesy of
Uddeholms AB)

Steel grades that require extra cleanliness are processed with ESR. In this process,
the conventionally solidified ingot is used as an electrode and re-melted by passing
a high alternating current from the electrode to the slag which is placed at the
bottom. The highly reactive slag used in this way removes the oxide inclusions
and reduces the sulphur content [15]. The higher solidification rates in ESR
compared with up-hill casting, reduces the carbide banding, carbide size and grain
size [2, 15].
After ESR, the ingot is plastically deformed above the re-crystallisation
temperature by forging or rolling. The primary reason for this is to break the
coarse as-cast grains of the ingot so as to get a steel with a finer microstructure.

2.3 Cold work tool steels
Steels that are used to make tools for cold work applications are called ‘cold work
tool steels’. The characteristic mechanical properties of cold work tool steels are
high hardness (54-67 HRC), low (5-10 J) to high (more than 150 J) impact
toughness, high wear resistance (lower than 20 mg/min) and high compressive
strength (above 2000 MPa) [2, 3, 16].
The main alloying elements of tool steels are C, Cr, Mo, V and W. The carbon
content typically varies from 0.5 to 2.5 wt.% C and other alloying elements (except
carbon) from 1 to 13 wt.%. Conventional cold work tool steels (A and D type)
can be divided into three categories.
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•
•
•

12 wt.% Cr cold work tool steels (1.5-2.2 wt.% C).
8 wt.% Cr cold work tool steels (0.5-1.5 wt.% C).
5 wt.% Cr cold work tool steels (0.5-1.5 wt.% C).

The chemical compositions of some cold work tool steels produced at
Uddeholms AB using conventional methods are listed in Table 2.3. Also listed are
two 5 wt.% Cr cold work tool steels (Caldie and Unimax) which are refined using
the ESR process (described in section 2.2). There is also a variety of cold work
tool steels produced by powder metallurgy (not discussed in this work).
Table 2.3 Conventional or ESR cold work tool steels produced by Uddeholms AB
(wt.%) [3].
Uddeholm C
Si Mn Cr Mo
grades
12 wt.% Cr cold work tool steels
Sverker 21 1.5 0.3 0.4 11.3 0.8
Sverker 3
2.0 0.3 0.8 12.7
8 wt.% Cr cold work tool steels
Sleipner
0.9 0.5 0.9
7.8
2.5
Chipper
0.5 1.0 0.5
8.0
1.5
5 wt.% Cr cold work tool steels
Calmax
0.6 0.3 0.8
4.5
0.5
Caldie
0.7 0.2 0.5
5.0
2.3
Unimax
0.5 0.2 0.5
5.0
2.3
Rigor
1.0 0.3 0.6
5.3
1.1

V

W

0.8
-

1.1

Conventional
Conventional

0.5
0.5

-

Conventional
Conventional

0.2
0.5
0.5
0.2

-

Conventional
ESR
ESR
Conventional

2.3.1 Microstructures
The hardened microstructure of cold work tool steels is mainly martensitic with
significant amounts of retained austenite and undissolved carbides. However, in
some cold work tool steels bainite can also form. Thus a brief description of the
phases found in the microstructure of cold work tool steels is given in the
following sub-chapters except for retained austenite which is discussed in chapter
3.
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2.3.1.1 Phases and microstructural constituents
2.3.1.1.1

Martensite

A fast cooling of an austenitised steel to sufficiently low temperature leads to the
formation of a Body Centred Tetragonal (BCT) crystal structure called
‘martensite’. This transformation is a diffusionless process [13] that occurs at the
speed of sound via shear displacements [17]. This means that during
transformation the carbon atoms do not diffuse out of the interstitial sites of Face
Centred Cube (FCC) γ-iron. Hence, martensite becomes hard and has the same
composition as in austenite.
Other characteristics of the martensitic transformation are that it is a displacive
and athermal process. A displacive transformation is a structural change in solid
state which occurs by coordinated shifts of atoms [17]. An athermal process
(without thermal activation) refers to a transformation which is not dependent on
time, this is to differentiate it from the isothermal (thermally activated diffusioncontrolled) transformation.
Dilatometry observation of martensitic transformation shows a large expansion
of the specimen which starts at a specific temperature called Ms [18], above which
martensite cannot form. Also, there exists a temperature Mf, where martensite
transformation is finished. For low carbon steel, Ms can be equal to 500°C,
whereas both Ms and Mf decreases progressively for steels with higher carbon or
alloying contents [19, 20]. This may sometimes cause Ms and Mf to be below
room temperature. A temperature difference between Ms and Mf depends on the
carbon content of the steel and can be smaller than 100°C for low carbon steel to
above 200°C for medium carbon steel.
2.3.1.1.2

Bainite

In 1930, an acicular dark etching aggregate was found in the microstructure by
Bain and Davenport. It was later named ‘Bainite’ in the honour of E.C. Bain [9].
Bainite is a product of ferrite and cementite which forms by decomposition of
austenite at temperatures below that at which pearlite forms and above at which
martensite forms. However, the complexity of the formation of bainite has led to
a controversy. There are two schools of thoughts regarding whether the initial
stage of bainite formation is displacive or diffusion controlled. In any case, it is
clear that the growth of bainite causes carbon to be partitioned into residual
austenite or forming carbides [9] while the substitutional elements do not partition
between the parent and product phases.
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The two most common types of bainite are upper and lower bainite. Upper bainite
forms at higher temperatures, ranging from 400°C to 500°C while lower bainite
forms at a lower temperature range from 250°C to 400°C. The exact temperatures
for the types of bainite are much dependent on the chemical composition of the
steel, in particular the carbon content. There exists a bainite start temperature Bs,
above which bainite cannot form [21]. Below Bs, the fraction of bainite
progressively increases until the bainite finish temperature Bf.
Both types of bainite have a ferritic lath or plate structure separated by
untransformed austenite and/or carbides. The aggregates of plates are called
‘sheaves’. The sheave may appear as a single unit in light optical microscope, while
TEM has revealed them to be consisting of sub-units [22]. The difference between
upper and lower bainite is that the sub-units in upper bainite is free of carbides
while fine carbides are present in the sub units of lower bainite. More to that, the
carbides in a given lower bainite platelet tend to adopt a single crystallographic
variant i.e. their longest axis is inclined 60° to the growth direction of the ferrite
platelet [9].
2.3.1.1.3

Carbides

Cold work tool steels are alloyed with carbide forming elements like Cr, Mo, V
and W. The high alloying content of these steels cause significant formation of
carbides during solidification. These carbides are referred to as ‘primary carbides’,
contrary to secondary carbides that are formed during the tempering treatments.
Some primary carbides can remain largely undissolved during austenitisation and
provide the steel with high wear resistance. Some characteristics of carbides found
in tool steels are listed in Table 2.4, where the designation includes a letter M
representing the metal in the stoichiometry of the carbides.
Table 2.4 Some characteristics of carbides that are found in tool steels.
Carbides
M3C
M23C6
M7C3
M6C
M2C
MC

Crystal structure
Orthorhombic
FCC
Hexagonal/orthorhombic
FCC
Hexagonal
FCC

Main alloying
elements
Fe or Cr
Fe or Cr
Fe or Cr
W or Mo
W or Mo
V
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Carbide type
Secondary
Primary
Primary
Primary
Secondary
Primary/ Secondary
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2.3.2

Trend in development

Undissolved carbides hold a unique importance for cold work tool steels and
provide the steel with high wear resistance. However, large sizes and a higher
volume fraction of undissolved carbides can be detrimental to toughness. The
development of cold work tool grades was based on controlling the type, size,
amount and distribution of undissolved carbides [23]. An example of such
development from conventional Sverker 21 to ESR Caldie is presented in the
following paragraphs.
2.3.2.1 12 wt.% Cr
High carbon (1.5-2.2 wt.%) 12 wt.% Cr cold work tool steels (e.g Sverker 21) are
classical D type cold work tool steels. The hardened microstructure of Sverker 21
containing streaks of primary carbides is shown in Fig. 2.2a. The martensitic
microstructure provides the steel with high hardness while the primary carbides
provide high wear resistance [16, 24].
2.3.2.2 8 wt.% Cr
The use of cold work tools is shifting towards automotive applications demanding
tools with higher crack resistance. In 2001, a new cold work tool steel (Sleipner)
was introduced with a lower amount of carbon and chromium than Sverker 21
(see Table 2.3). The intent was to lower the volume fraction of primary carbides
so as to have a better crack resistance. It can be seen in Fig. 2.2b that the hardened
microstructure of Sleipner contains fewer streaks of primary carbides than
Sverker 21. These steels have similar wear resistance as Sverker 21 but with better
cracking resistance [25] and are an upgrade compared to Sverker 21.
2.3.2.3 5 wt.% Cr
In 2006, further steps were taken to produce cold work tool steels with even better
cracking resistance. The idea was to have a cold work tool steel with a minimum
amount of primary carbides. This was achieved by reducing the carbon content
to 0.7 wt.% and chromium content to 5 wt.% (see Table 2.3). These steels had
fewer and smaller primary carbides as shown in the hardened microstructure of
Caldie in Fig. 2.2c. However, some bainite and significant amounts of retained
austenite can also be found depending on the selection of austenitisation
temperature and cooling rate. The hardness of Caldie is similar to that of Sverker
21 but the crack resistance is better than for Sleipner and Sverker 21.
Hence, it was shown that the lowering of alloying elements like C, Cr, Mo and V
content reduced the number of primary carbides. Thus the trend in the
development of cold work tool steels is aiming to have a steel microstructure
where the presence of primary carbides is not introducing a risk for cracking.
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a) Sverker 21

Streaks of primary carbides

10μm
b) Sleipner

Less streaks of primary carbides

10μm
c) Caldie

Undissolved carbides

10μm
Figure 2.2 Light optical micrographs showing the hardened microstructure of a) Sverker
21, b) Sleipner and c) Caldie. There are fewer primary carbides in Sleipner than in
Sverker 21 and Caldie contains few and small undissolved carbides. Courtesy of
Uddeholms AB.
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2.4

Heat treatment

There are many heat treatment procedures, each relying on the selection of
temperature, holding time, heating and cooling rate. These heat treatment
parameters govern the diffusion of element in the material and play an important
role in altering the properties of the steel. Thus, the first sub-chapter describes
the common diffusion process in steels with a relevant diffusion data of some
elements.
The common heat treatment procedures that are used in the making of tool steels
are homogenisation, normalising, step annealing, stress relieving, soft annealing,
hardening and tempering. Each has a specific purpose and is considered a critical
part in the manufacturing chain of tool steels. However, the most important
procedures of heat treatment which provide the tools with their final properties
will be described in the later sub-chapters.

2.4.1 Diffusion distances
Diffusion of atoms control the kinetics of many processes in steels especially
during annealing, hardening and tempering. Substitutional diffusion occurs by a
vacancy mechanism. It is the movement of the atoms into adjacent vacancies. On
the other hand, interstitial diffusion is the movement of small solute atoms from
one interstitial site to a neighbouring one. In martensitic steels, the interstitial sites
between the iron atoms can be occupied by carbon atoms. The amount of carbon
in the interstitial sites plays a significant role during hardening and tempering of
tool steels. Table 2.5 shows diffusion coefficients of some elements in γ-Fe (FCC)
and α-Fe (Body Centred Cubic, BCC). These values are used to calculate an
approximate diffusion length of some elements in γ-Fe and α-Fe using the
following relationship.
L = (Dt)1/2

Eq.i

Where L is the diffusion length of an atom in m, D is the diffusion coefficient in
m2/s and t (s) is the time taken by an atom to diffuse a length L.
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Table 2.5 Calculated diffusion lengths of some elements in γ- and α-Fe for times and
temperatures relevant for this work.

*

Matrix
phase

Diffusing
element

Temperature
(°C)

γ-Fe
γ-Fe
γ-Fe
γ-Fe

Fe
Cr
C
C

1100
1250
1100
600

Diffusion
coefficient
(m2/s)
7.8 x 10-16 [26]
58 x 10-16 [8]
5.3 x 10-11 [26]
4.7 x 10-14 [27]

γ-Fe

C

500

2.8 x 10-15 [27]

γ-Fe

C

200

*1 x 10-17 [26]

α- Fe

Fe

500

3 x 10-21 [26]

α- Fe

C

500

2.4 x 10-12 [26]

α- Fe

C

200

*1 x 10-15 [26]

C
α- Fe
Extrapolated value

25

*1 x 10-20 [26]

Diffusion
time
0.5 h
0.5 h
0.5 h
2h
2h
6h
10 h
2h
4h
10 h
2h
6h
10 h
2h
4h
2 months

Diffusion
length
(µm)
1.18
3.23
309
18.20
4.50
7.80
10
0.27
0.38
0.01
131
228
294
2.68
3.80
0.23

Notice that the diffusion length in 0.5 h of a carbon atom in γ-Fe at 1100°C is
much larger than for Fe or Cr atoms. Also the diffusion length of carbon atoms
in γ-Fe is much smaller than in α-Fe at 500°C. These calculations will be used in
Chapter 6, assuming that the rate of carbon diffusion in martensite is similar to
that in ferrite.

2.4.2 Soft annealing
Soft annealing is a heat treatment method that softens the steel to enhance
machinability, making it easier to shape the tool. From the microstructural point
of view, soft annealing produces a microstructure with a ferritic matrix and
spheroidised carbides. This not only softens the steel, but it also makes the
microstructure uniform which is a precondition for a subsequent hardening
treatment. For these reasons, tool steels are delivered in soft annealed condition.
Annealing temperatures can be just below, at or just above the A1 temperature
where the ferrite starts to transform into austenite. The selection of temperatures
for soft annealing depends on the desired properties for machining or on the
composition of the steel.
In soft annealing, the steel is heated and held at the annealing temperature for
some hours and slowly cooled to 500°C with cooling rates of typically 10 to
22°C/h. The material is then air cooled to room temperature. A Scanning
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Electron Microscope (SEM) backscattered electron micrograph from the
polished surface of Caldie, soft annealed at 820°C for two hours is presented in
Fig. 2.3. It shows three different kinds of carbides (bright, grey and dark) in a
ferritic matrix. The grey carbide is chromium-rich, the bright carbide is
molybdenum-rich while the dark carbide is vanadium-rich.

Bright carbide
Dark carbides

Grey carbides

10 μm
Figure 2.3 A SEM-backscattered electrons micrograph of the investigated steel in soft
annealed condition. Arrows show chromium, molybdenum and vanadium carbide with
grey, bright and dark contrast, respectively. Image taken from [28].

2.4.3 Hardening
Hardening is accomplished by heat treatment steps that form martensite or bainite
to increase the hardness and strength of a steel. Hardening consists of three steps
i.e. heating, austenitisation and quenching.
Heating to austenitisation temperature can be continuous or in several steps. Each
temperature step contains a holding time to have a uniform temperature over the
tool. It must be ensured that the tool does not distort or break during heating
since the thermal stresses in a material increase while the yield and tensile
strengths decreases with higher temperatures. The specimens of Caldie were
initially heated to 750°C with a rate of 1.25°C/s. This temperature was held for
20 min and then the steel was finally heated to the austenitisation temperature at
the same rate.
Austenitisation aims at reaching and holding a certain temperature where
austenite is the only stable phase. However, medium and high alloy tool steels
contain carbides which are partly stable at higher temperatures. These steels are
therefore austenitised at a temperature in the phase field of austenite and carbides.
Care has to be taken with the selection of austenitisation temperatures, as
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inappropriate temperatures may cause coarsening of austenite grains and this may
lead to a poor toughness of the steel [9].
Quenching follows austenitisation and is a fast cooling of the steel from the
austenitisation to ambient temperature. The cooling rate is a very critical factor
because it determines the final phases in the as-quenched microstructure of the
steel. The selection of cooling rates depends on the composition of the steel. For
tool steels like Uddeholm Caldie (see CCT diagram of Caldie in section 4.1.1), a
very rapid cooling (150°C/s) results in martensite formation, while medium
cooling (1°C/s) results in bainite and martensite formation.
During austenitisation, primary carbides are partly dissolved, thus enriching the
austenitic matrix in alloying elements, which can lower the martensite start and
finish temperature during quenching. For some steels, the martensite start and
finish temperature may be well above room temperature resulting in a mainly
martensitic microstructure. However, for medium and high alloyed steels, it is
common that the martensite finish temperature is below room temperature.
Therefore, significant amounts of retained austenite can be found in the asquenched microstructure.
As an example, a hardened microstructure of Caldie austenitised at 1050°C is
shown in Fig. 2.4. It shows prior austenite grains and undissolved carbides in the
mainly martensitic matrix.
Prior austenite grains

Martensitic matrix

Undissolved carbides

10 μm
Figure 2.4 A secondary electron SEM micrograph of Caldie after austenitisation at
1050°C. It shows prior austenite grains and undissolved carbides in the mainly
martensitic matrix.
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2.4.4 Tempering
Tempering is the final heat treatment performed in cycles of two or three
treatments after which the tool is ready to use. The mainly martensitic
microstructure produced by hardening is hard and brittle, it is therefore tempered.
The tempering process is associated with the occurrence of several reactions that
are overlapping on a fine scale. There are two main purposes of tempering
treatments, the first is to heat the martensitic steel to increase its ductility i.e. by
decreasing the carbon content of the supersaturated martensite, which occurs by
precipitation of carbides in martensite. Secondly, it is to eliminate the retained
austenite from the microstructure (see a detailed discussed in the following
paragraph). The former must be done in a well-controlled manner to avoid a too
low hardness. There is a wide range of temperatures (i.e. from 200°C to 600°C)
that can be used for the tempering of tool steels. The selection of the tempering
temperature is critical and depends on the desired properties or application area
of the tool. The current standard recommendation for Caldie by Uddeholms AB
is tempering at 525 or 540°C with a holding time of 2 h. Fig. 2.5 shows an example
of hardening at 1050°C and tempering twice at 525°C typically used for the steel
Caldie.

Temperature (°C)

1050°C
0.5 h

1 °C/s

525°C
2h

525°C
Fan
cooling

2h

Fan
cooling

Time (h)

Figure 2.5 A schematic diagram showing the heat treatment of hardening and double
tempering typically used for Uddeholm Caldie. Image taken from [29].

Tempering of medium and high carbon steels at temperatures up to 200°C results
in precipitation of ε- or η- carbides [9] in martensite, while at temperatures
between 200°C to 600°C cementite (M3C) is precipitated in martensite. Initially,
the cementite has a thin needle morphology which changes to a plate type above
350°C and gradually spheroidise at higher temperatures [30]. For tool steels,
tempering between temperatures from 350°C to 600°C can cause transformation
of retained austenite. The temperature at which the retained austenite transforms
depends on the steel composition. This transformation can occur during
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tempering or on cooling from the tempering temperature (see a detailed
discussion in section 3.3). For steels containing higher amounts of retained
austenite (i.e. above 15%), a single tempering treatment does not transform all the
retained austenite and is the main reason for conducting double or sometimes
triple tempering treatments. Every tempering cycle transforms the retained
austenite and at the same time tempers the fresh martensite that is formed during
the previous cooling. Tempering in the range from 500°C to 600°C also results in
precipitation of very small MC and M2C carbides (2-5 nm) [31, 32] in martensite.
The carbides precipitate during holding at the tempering temperature. These
precipitates are known as ‘tempering carbides’. The formation of these nano-sized
particles in the microstructure produces extra hardness compared to the tempered
hardness at all other temperatures. Therefore, it is known as ‘secondary hardening’
which produces the highest hardness at temperatures between 500°C to 540°C
for tool steels. However, tempering in the range from 540°C to 600°C results in
coarser tempering carbides where the matrix becomes more ferritic and
contributes less to the hardness.

38

LITERATURE REVIEW

3 Literature review
This literature review begins with a general overview of the research that has been
conducted on cold work tool steels in the last few decades. It is followed by a
review of the literature for hardening of cold work tool steels. After that a detailed
review of the literature on tempering of tool steels is presented with focus on the
problems related to the characterisation of retained austenite, its transformation
during tempering or cooling and the effects on the properties.

3.1 General
Cold work tool steels were designed mainly by empirical investigations [23] to
control the type, size, amount and distribution of primary carbides. The aim was
to find an optimum balance between hardness, toughness, ductility and wear
resistance of cold work tool steels [33, 34, 35, 36, 37]. Later, a large research effort
was conducted to understand the influence of primary carbides on fatigue,
ductility and fracture toughness [33, 34]. A strong relevance of carbide fraction,
size and their bonding to the matrix was revealed when using finite element
modelling of ductility in various tool steel microstructures [38, 39].
Cold work tool steels with 5 wt.% Cr contains only 1-2 vol.% of primary carbides.
This implies that the martensite and retained austenite has an important role in
controlling properties and the heat treatment for tool steels is of utmost
importance. The following is a literature review that provides background
knowledge required to understand the hardening and tempering processes of cold
work tool steels.

3.2 Hardening
3.2.1 Austenitisation
Important components in the microstructure of cold work tool steels are the high
carbon tempered martensite and the primary carbides. The primary carbides play
an important part in improving the wear resistance of the steel. It has therefore
become common to use thermodynamic calculations for predicting the amounts
and types of these in the microstructure of cold work tool steel [40, 41, 42, 43].
However, reliable predictions can only be achieved when using a material database
fine-tuned to the alloy system of interest.
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Several alloys with 1 wt.% carbon and Cr from 0-29 wt.% were studied in [40]. It
was found that M7C3 and M23C6 carbides were present in the microstructure after
austenitisation at 870°C. A study of a 1-C, 8-Cr (wt.%) cold work tool steel which
was austenitised at 1030°C found M7C3 and MC carbides in the microstructure
[43]. A study on primary carbides in a 0.9-C, 6-Cr (wt.%) steel [42] showed that
M7C3 carbides were present in the microstructure after austenitisation at 1030°C.
Thus, depending on the selection of austenitisation temperature and the chemical
composition of the investigated steel, a variety of carbides like M 23C6, M7C3 or
MC can remain undissolved during austenitisation and are commonly seen in the
microstructures of cold work tool steels.
It is known that austenitisation at a higher temperature can lead to more
dissolution of primary carbides thus adding more alloying elements in the
austenite and lowering the Ms of the steel. As a result, a higher amount of retained
austenite can be present in the hardened microstructure giving a reduced asquenched hardness [44]. Another effect of austenitisation at high temperature is
the coarsening of the austenite grains. One reason for this is believed to be the
reduction in the amount of undissolved carbides, which otherwise pin the grain
boundaries and reduce coarsening as suggested in [8, 45]. Grain growth for a low
alloy steel was studied in [46]. It was found that prior austenite grains coarsened
from 28 µm at 900°C to 123 µm at 1200°C. Large prior austenite grains permit
formation of coarse martensite as reported in [47, 48]. As an example, a 0.39-C,
1.95-Cr, 0.27-Mo, 1.0-Ni (wt.%) tool steel was investigated after austenitisation at
several temperatures from 900°C to 1050°C [49]. It was reported that when the
prior austenite grains coarsened from 23.5 to 80 µm, the packet size of martensite
increased from 9.7 to 28.5 µm and the lath width of martensite increased from
0.60 to 0.69 µm. An effect of such a coarsening of the microstructure was noticed
to be a continuous degradation of the impact toughness of the steel [49].
Moreover, austenitisation at a higher temperature adds more alloying element in
the austenite and decreases the Ms temperature during quenching. This may result
in a microstructure containing higher contents of retained austenite and a low asquenched hardness.
Hence, austenitisation temperature must be selected to keep a balance between
the fraction of undissolved carbides, retained austenite as well as prior austenite
grain size. Therefore, it is a routine to measure prior austenite grains size and
retained austenite content after hardening of tool steels to ensure their quality.
Although the effect of coarsening of prior austenite grains on the martensite
structure is well known [47, 48, 49], the effect on morphology and size
distribution of retained austenite has not been reported for cold work tool steels.
One reason could be that in tool steels, most of the retained austenite is
transformed during tempering treatments and its morphology in the as-quenched
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microstructure is not considered. However, it is emphasised in this thesis that
information about retained austenite is necessary to have a comprehensive
understanding of the microstructure and to better understand and control
properties.

3.2.2 Cooling
The as-quenched microstructure of a 5 wt.% Cr tool steel, similar to Caldie but
with a lower carbon content (0.38 wt.%), was investigated with TEM [50, 51].
The investigation was made to understand why in the CCT diagram [50] the Ms
temperature increased from 280°C to 350°C, when the cooling rate was changed
from 300°C/s to 2°C/s. It was found that the increase in Ms was due to the
precipitation of M3C carbides in retained austenite before martensite formation
[50]. This implies that CCT diagrams can be very complex and may require in
depth investigations of the microstructures for a complete interpretation.
Phase transformations during hardening of a steel (similar to Caldie but with 0.38
wt.% carbon) was studied for austenitisation at 980°C and 1025°C followed by
slow and fast cooling [52]. The austenitisation at the higher temperature caused
the prior austenite grains to coarsen from 15 to 20 µm. The fast cooling produced
mainly martensite while slow cooling from a lower austenitisation temperature
produced more bainite than cooling from a higher temperature. This result directs
the attention towards the importance of coarsening of prior austenite grains on
the kinetics of the bainitic reaction. Bainite in tool steels is usually unwanted but
in some cases it becomes unavoidable. For example, slower cooling of a specimen
can give rise to bainite in small quantities which can be difficult to identify. An
important question is how small amounts of bainite affect toughness. A study of
fracture toughness of several tool steels was reported in [53] and a substantial
decrease in fracture toughness was found for many steel grades for cooling rates
corresponding to the formation of bainite.
The effect of slow and fast cooling during hardening of a 5 wt.% Cr cold work
roll steel was investigated in [54]. It was found that a more rapid cooling at 3°C/s
produced only martensite. The cooling at 0.5°C/s produced bainite and
martensite. A much slower cooling at 0.1°C/s formed ferrite, pearlite and bainite.
The authors also noticed that cooling rates between 0.1 to 3°C/s produced
martensite and undissolved carbides at the surface of the tool while the core
consisted of ferrite, pearlite, bainite and undissolved carbides. This suggests that
the understanding of cooling rates on phase transformation during hardening can
be used to predict the phase distribution for example in large tools. This could be
a way forward to optimise the microstructure and to ensure a more homogenous
distribution of phases from the surface to the core.
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3.3 Tempering
Cold work tools are tempered at elevated temperatures to achieve a high hardness.
The available literature for tempering of tool steels is quite scattered regarding
steel types as well as tempering temperatures. However, important aspects of
tempering will be presented to highlight the knowledge gaps in the literature about
tempering of cold work tool steels.
A high speed steel was studied with transmission electron microscopy and atom
probe microanalysis to understand the precipitation of secondary carbides during
tempering at 560°C [32]. It was reported that a fine distribution of nano-sized
precipitation of MC and M2C carbides were responsible for the secondary
hardness. The carbides were found to have a mixed composition of Cr, Mo and
V in line with the literature [30, 55, 56]. A larger volume of M2C than MC carbides
were found in the microstructure while M3C carbides were not found. This is in
line with the literature [8] that M2C and MC carbides precipitates as a consequence
of the dissolution of M3C carbides in the matrix.
When the tempering process of high carbon steel was investigated with
dilatometry, the precipitation of carbides in martensite was found to cause a
contraction of the specimen [11]. A study on 8 wt.% Cr cold work tool steel after
tempering at 525°C for 2 h also reported [55] that the secondary hardness peak
was due to the formation of nano sized M2C while MC carbides were not found
in these investigations. This was concluded to be a consequence of the lower
vanadium content (0.38 wt.%) in the steel. Reference [55] is valuable for this study
due to similar composition with the investigated steel as well as tempering
temperature.
It is well established that the secondary hardening in tool steel is due to the
precipitation of very fine M2C and MC carbides. However, in the studies reported
in [50, 57] there is no information about retained austenite transformation, which
occurs for the same tempering temperatures either during tempering or on
cooling after the tempering.

3.3.1 Retained austenite
Austenite that is not transformed during hardening of steels is referred to as
‘retained austenite’ [58]. Some steels have Mf below room temperature.
Therefore, during cooling from the austenitisation temperature to ambient
temperature, the martensitic transformations do not reach the finish temperature.
As a result, significant amounts of austenite can be retained in the hardened
microstructure. The morphology, stability and distribution of retained austenite

42

LITERATURE REVIEW

in the hardened microstructure depend on the steel composition and will be
reviewed in the following sub-chapters.
3.3.1.1 Morphology
The morphology of retained austenite in different steels has been studied in [59,
60, 61, 62]. It is noticed that the retained austenite can be present as thin laths or
blocky islands in a microstructure. A hardened microstructure of low carbon steel
contains thin films of retained austenite between the laths or packets of martensite
[59]. In high carbon steels, a blocky morphology of retained austenite is more
dominant in the hardened microstructure [2]. A mixture of thin and blocky
retained austenite is usually present in bainitic steels [60, 61]. The blocky
appearance is sometimes referred to as ‘M/A blocks’ and is commonly seen in
SEM micrographs [60, 62] i.e. constituents having mixed proportions of
martensite and retained austenite. Moreover, the blocky retained austenite can
sometimes be confused with fresh martensite, which can also appear blocky in
etched microstructures of some steels when investigated by light optical
microscopy [63]. This can lead to difficulties in interpreting the blocky regions by
light microscopy [64, 65]. However, it is possible to take a further step by using
EBSD to characterise these. As to our knowledge this has not until now been
done for cold work tool steels.
Literature about heat treatment of some tool steels containing 2-8 wt.% Cr [50,
54, 55, 66] discussed the microstructure evolution during heat treatment.
However, it lacks details that are necessary for a complete understanding. For
example, reference [55] studied tempering of a 8 wt.% Cr cold work tool steel at
520°C, but the details of retained austenite fraction, as well as its transformation
during tempering were not available. Similarly, reference [50] provided no
information about retained austenite during multiple tempering at 625°C for a hot
work tool steel. This illustrates that the retained austenite transformation is a
complicated process and requires a detailed investigation for its understanding.
Hence, a literature review on the subject of the retained austenite transformation
is given in the following sub-chapter.
3.3.1.2 Retained austenite transformation
Retained austenite is a metastable phase. It means that a significant amount of
mechanical stress or lowering of the temperature below ambient can cause its
transformation to martensite [67, 68, 69]. This can happen when the tool is in use
and may result in a volumetric expansion in the tool [67]. Therefore, retained
austenite is considered detrimental for tool steels and is avoided by transforming
the retained austenite during the tempering treatments.

43

LITERATURE REVIEW

Retained austenite transformation has been a subject of scientific interest for a
long time [8, 9, 70, 71, 72, 73] but full characterization and understanding of the
process is still a challenge. Retained austenite transformation occurs into ferrite
and cementite, [70] martensite [8] or bainite [9] or a combination of these
depending on the heat treatment. Ferrite and cementite [70] or bainite [73] can
form during isothermal treatment at the tempering temperature while martensite
as well as bainite [11] can form during cooling.
A common way of investigating a tempering process for martensitic steels is by
subjecting an as-quenched specimen to continuous heating in a dilatometer [11,
71, 72, 74]. During heating the specimen contracts or expands in critical
temperature ranges, in a way that is not explainable by thermal expansion. These
length changes when complemented with microstructural investigations have
been identified as tempering stages 0, I, II, III and IV [30, 71, 72] occurring at
different temperature ranges. The first stage (80-200°C) is the formation of
transition carbides in martensite and the second stage is the transformation of
retained austenite. The temperature ranges for the different stages are dependent
on the composition of the steel.
Van Genderen et al. [71] showed that the retained austenite of a Fe-C alloy
decomposed by ferrite formation occurring before the final transformation to
ferrite and cementite. This transformation started in stage II at 200°C [72] and
overlapped with stage III (250-500°C) [75] where cementite was formed from the
transition carbides in martensite. The separation of the overlapping stages is
challenging and discussed in more detail elsewhere [72, 75].
Another approach for investigating retained austenite transformation is during an
isothermal treatment [70] instead of continuous heating. This approach is more
similar to the tempering process for tool steels. It has been shown that the
isothermal transformation of retained austenite into ferrite and carbide is a twostep process [70, 71, 72, 75]. The first step is the precipitation of carbides in the
retained austenite which is gradually followed by a second step, i.e. the
transformation of austenite into ferrite and cementite [70]. Notice that the initial
step of this process is different from the interpretation of the first step by Van
Genderen et al. [71]. Anyhow, dilatometry result showed that the first process
produced a contraction of the specimen [76] while the latter process occurred
with an expansion [70, 76]. This was further confirmed by computation of the
transformation strain based on measured lattice parameters of retained austenite
and cementite. These observations have been reported for bainitic and hot work
tool steels [76, 77].
A cold work tool steel with similar composition to Caldie but with a higher carbon
content (1 wt.%) was investigated in [78]. The isothermal transformation of
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retained austenite was noticed to occur at two distinctive temperature ranges 200300°C and 425-650°C, each with its own set of kinetics. In a highly alloyed D2
steel, there was no transformation of retained austenite at low tempering
temperatures (i.e. at 200-300°C) [78]. In this steel, tempering above 480°C caused
partial transformation of retained austenite [2] while the remaining austenite
transformed to martensite or bainite during cooling from the tempering
temperature [79].
The observations above suggest that the mechanism by which retained austenite
transforms depends on the steel composition as well as on the heat treatment
procedure [80]. Although the mechanisms for transformation of retained
austenite are largely known, it is not clear how and when retained austenite
transforms during tempering of Caldie.
3.3.1.3 Effects on mechanical properties
Tempering of tool steels at temperatures that causes retained austenite
transformation may also cause a minimum in toughness [25, 59, 80, 81, 82]. In a
low alloy steel, a minimum in toughness after tempering was observed in [83]. It
was attributed to the transformation of retained austenite to bainite. In a study of
a steel containing 0.42-C, 0.76-Mn, 1.76-Ni, 0.41-Mo and 1.59-Si (wt.%), a
minimum in Charpy V notch impact toughness was noticed after tempering at
400-470°C. This was attributed to the mechanical instability of interlath films of
austenite as a consequence of cementite precipitation during tempering [81].
Bhadeshia and Edmond investigated the impact toughness of several steels after
tempering [82]. They reported that the microstructure of a Fe-Mo-C steel
containing less than 2% retained austenite showed an extensive embrittlement
effect. This was due to the coarse intralath cementite and not because of the
decomposition products of retained austenite. They also noticed embrittlement
in a Fe-V-C steel containing 5% retained austenite which was attributed to the
coarsening of interlath cementite formed due to decomposition of the retained
austenite.
The importance of retained austenite in the hardened microstructure, its
transformation during tempering and its influence on the mechanical properties
for some steels was discussed in the light of literature. It is clear that retained
austenite transformation depends on the steel composition and tempering
treatment and can be detrimental for mechanical properties. Thus the study of
the kinetics of retained austenite transformation for Caldie, which has not been
investigated previously, is of importance for better understanding and for
optimization of heat treatment practices.
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4 Experimental
4.1 Material
An experimental batch from the ESR Caldie ingot A, was hot rolled into a round
billet with a diameter of 80 mm. The chemical composition (wt.%) of the steel
billet is shown in Table 4.1. This material was used for most of the investigations
except for the study of slow and fast cooling. The specimen for this study was
taken from another ESR Caldie ingot B. It was also rolled to a round billet with a
dimeter of 80 mm and its composition is also presented in Table 4.1.
Table 4.1 The chemical composition (wt.%) of experimental batches of the Uddeholm
ESR Caldie, ingot A and B.

Ingot A

C
0.72

Si
0.20

Mn
0.49

P
0.007

S
0.0002

Cr
5.04

Mo
2.33

V
0.50

Al
0.009

N
0.006

Fe
Bal.

Ingot B

0.72

0.18

0.50

0.008

0.0004

5.09

2.35

0.51

0.016

0.009

Bal.

Both materials were soft annealed before austenitisation. The billet from ingot A
was soft annealed at a temperature of 820°C for 2 hours and cooled to 650°C
with a cooling rate of 10°C/s. The billet from ingot B was soft annealed at a
higher temperature of 860°C for 4 hours and cooled initially to 750°C with a
cooling rate of 10°C/s and finally to 700°C with a cooling rate of 7°C /s.

4.1.1 Caldie
A Continuous-Cooling-Transformation (CCT) diagram of Uddeholm Caldie
austenitised at 1025°C and cooled with different rates is presented in Fig. 4.1. A
legend to the left of the main figure provides cooling rates for the curves and the
hardness. Notice that the fastest cooling (curve 1) yields only martensite. At
somewhat slower cooling (curve 2 and 3), bainite transformation started to appear
prior to a martensitic one. At much slower cooling rates (curve 4, 5, 6, 7 and 8),
the bainite transformation become more dominant, prior to the martensite
formation. During the slowest cooling (curve 8) also pearlite is formed. Notice
that with decreasing cooling rates the hardness also decreased which is attributed
to the formation of phases other than martensite. The three different cooling rates
that were used in this thesis are drawn on the CCT diagram with dashed lines in
blue, green and orange and are labelled as FC (Fast Cooling), TC (Traditional
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Cooling) and SC (Slow Cooling), respectively. The associated time during cooling
between 800°C and 500°C is provided in the table (left) of the figure.

FC
MC
SC

30
300
3000

FC

TC

SC

Figure 4.1 The CCT diagram of Uddeholm Caldie showing the effect of cooling rates on
phase transformation. The information about the cooling rates and resulting hardness
values are provided in the table (on left). Courtesy of Uddeholms AB.

The Time-Temperature-Transformation (TTT) diagram of the Uddeholm Caldie
made for the specimen that were austenitised at 1025°C is presented in Fig. 4.2.
It can be noticed that pearlite transformation occurs in a temperature range from
620°C to 750°C. The curve of pearlite has its nose at 700°C. The other
transformation that can be noticed is bainite, between the temperatures of 320°C
to 150°C. The nose of the C-curve for bainite is at 280°C and takes approximately
4 hours to start. Martensite forms below 140°C. Notice that the dashed line
represents extrapolation of the measured transformation temperatures.
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Figure 4.2 The TTT diagram of Uddeholm Caldie showing that the nose of the C-curve
of bainite is at 280°C and takes approximately 4 hours to start. The martensite start
temperature is around 130°C. The time of measurement at critical temperatures and
hardness is provided in the table on left. Courtesy of Uddeholms AB.

4.2 Heat treatments
A series of experiments were designed to understand phase transformation
occurring during the heat treatment of Caldie. These heat treatments are
categorized into two main sections. First, hardening treatments where the study
of varying austenitisation temperatures, cooling rates and interrupted cooling
experiments were conducted. The other section was focused on single, double
and multiple tempering treatments at varying temperatures and holding times.

4.2.1 Hardening treatments
All specimens were taken from the centre of the soft annealed bar. The specimens
for the study of austenitisation temperature were treated in a vacuum furnace at
temperatures of 1020°C, 1050°C or 1075°C for 30 minutes and then cooled to
room temperature with a time of 300 seconds between 800°C and 500°C
corresponding to a traditional cooling rate of 1°C/s.
The study of fast and slow cooling was conducted on dilatometry specimens that
were first austenitised at 1050°C for 30 mins. Then, the specimens were either
Fast Cooled (FC, 10°C/s between 800°C and 500°C i.e. taking 30 s) or Slow
Cooled (SC) (0.1°C/s i.e. taking 3000 s between 800°C and 500°C). Another set
of specimens that were austenitised at 1050°C and cooled to room temperature
were Deep Cooled (DC) in a bath of liquid nitrogen for 5 minutes. The specimen
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designation and the critical process parameters of the above mentioned heat
treatments are shown in Table 4.2.
Table 4.2 Heat treatment parameters for the study of varying austenitisation
temperature and cooling rates.
No.

Specimen

Ta (°C)

1
2
3

Q20
Q50
Q75

1020
1050
1075

4
5

FQ
SQ

1050
1050

6

DC

1050

t8/5 (s)

Cooling rate
(°C/s)
Austenitisation treatments
300
1
300
1
300
1
Cooling treatments
30
10
3000
0.1
300

1

Cooled to 25°C
Cooled to 25°C
Cooled to 25°C
Cooled to 25°C
Cooled to 25°C

Cooled to 25°C & then to -196°C

Interrupted cooling treatments were studied in a dilatometer where the specimens
were first austenitised at 1050°C for 30 minutes and cooled (1°C/s) with a time
of 300 s between 800°C and 500°C. The cooling was then interrupted at
temperatures of 200°C or 170°C. This temperature was held for 2 or 48 h
followed by a final cooling to room temperature. The name designated for all
interrupted cooled specimens (for e.g. IC200°Cx2h) shows two sets of digits, the first
set represents the temperature (°C) and the second represents holding time (h).
Table 4.3 presents designation and critical process parameters of the specimens.
Table 4.3 Heat treatment parameters for the study of interrupted cooling.

No.

1
2
3
4

Interrupted cooling treatments
Specimen
Ta
t8/5 Isothermal Holding time
(°C) (s) temperature
(h)
(°C)
IC170°Cx2h 1050 300
170
2
IC170°Cx48h 1050 300
170
48
IC200°Cx2h 1050 300
200
2
IC200°Cx48h 1050 300
200
48

4.2.2 Single tempering treatments
Single tempering treatments were conducted to understand retained austenite
transformation by varying holding time at the tempering temperature. These
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specimens were heat treated in a dilatometer. The specimens were austenitised at
1050°C for 30 minutes and cooled (1°C/s) to room temperature. They were then
heated to 525°C or 600°C with a rate of 17°C/s. This temperature was held for a
variety of holding times followed by cooling (1°C/s) to room temperature. Table
4.4 provides detailed information of these heat treatments. Notice that the name
designated for all isothermally tempered specimens (T) shows a digit(s) which
represent the holding time (h).
Table 4.4 Single tempering treatments.
Specimens
As-hardened
Austenitised at 1050°C
&
tempered at 525°C
for different holding times
Tempered at 600°C

Q50

Holding time
(h)
-

T0.1
T0.5
T1
T2

0.1
0.5
1
2

T6
T10
T30

6
10
30

4.2.3 Double tempering treatments
Specimens were tempered using a standard cycle (2x2 h) to investigate the
resulting microstructure and mechanical properties. These specimens were
austenitised at 1020°C, 1050°C or 1075°C and cooled with 1°C/s to room
temperature or deep cooled (only for 1050°C). Tempering treatments were carried
out on these specimens in a muffle furnace at temperatures of 200°C, 250°C,
350°C, 450°C, 475°C, 500°C, 525°C, 540°C, 560°C or 600°C.
The fast and slowly cooled specimens were also tempered to conduct the impact
toughness testing. These specimens were tempered at 525°C for 2x2 h. Similarly,
the interrupted cooling specimens were also tempered at 525°C but for 2x1 h.
The summary of the heat treatments is shown in Table 4.5. These specimens were
named by adding a letter T in the end of their original name designation (FC),
representing tempering for e.g. FCT or ICT200°Cx2h.
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Table 4.5 Double tempering treatments.

Specimens

Ta (°C)

TT(°C)

Tempering
treatment

Standard
tempering
DCT

1020, 1050, 1075

2x2 h

FCT

1050

200, 250, 350, 450, 475, 500, 525,
540, 560, 600.
200, 250, 350, 450, 475, 500, 525,
540, 560, 600.
525

SCT
ICT170°Cx2h
ICT200°Cx2h

1050
1050
1050

525
525
525

2x2 h
2x1 h
2x1 h

1050

2x2 h
2x2 h

4.2.4 Multiple tempering treatments
A set of specimens were produced to study the effect of austenitisation and
number of tempering treatments at 525°C as listed in Table 4.6. These specimens
were heat treated in a dilatometer while the specimen for microscopy and impact
toughness testing were heat treated in vacuum and muffle furnaces.
These specimens were designated with Q for the as-hardened or T for the
hardened and tempered conditions followed by two digits representing the
austenitisation temperature (20 for 1020°C, 50 for 1020°C or 75 for 1075°C) and
finally the number of tempering treatments at 525°C (for example x2 for a double
tempering treatment).
Table 4.6 Specimens used to study the effects of austenitisation and multiple
tempering at 525°C.
Sample
Aus. Temp.
No. of
treatment(s) at
525 °C

Q20

T20x1

T20x2

Q50

T50x1

1020°C
0

1

T50x2

T50x3

Q75

1050°C
2

0

1

2

T75x1

T75x2

1075°C
3

0

1

2

4.3 Dilatometry
A dilatometer is an instrument that is used to measure the volumetric changes in
a specimen during a heat treatment. The volume changes are caused by thermal
expansion and/or contraction and the phase transformations in the material.
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The specimens had a cylindrical shape with a length of 10 mm and a diameter of
4 mm. A push rod dilatometer (Dil 805 A/D, Bahr-Thermoanalyse) was used to
study the phase transformations in the tool steel specimens. The dilatometer had
a resolution of 0.05 µm/0.05°C (∆L/∆T). The specimens were heated with a high
frequency inductive coil. The specimen temperature was measured by a
thermocouple, spot welded on the middle of the longitudinal surface of the
specimen. Dilatometry data during cooling and isothermal holding was used to
construct different types of plots:
i)

ii)

iii)

Plots of length change against specimen temperature during cooling
where transformation temperatures were evaluated by calculating
the derivative of length change as a function of specimen
temperature. The transformation start temperatures were defined as
the initial deflection in the derivative. The estimated error in
measuring start and finish temperature was ± 5°C.
Plots comparing relative length change of specimens as a function
of time during isothermal treatment for e.g. the first and second
isothermal tempering treatments at 525°C. The relative length
changes for different austenitisation temperatures were plotted
together in a graph with a numberless y-axis for ease of comparison.
Plots of relative length change of the specimen a function of time
during isothermal treatments.

4.4 Specimen preparation
Specimens for Light Optical Microscopy (LOM) and SEM had dimensions of
17x17x10 mm. Microscopy was also performed on dilatometry specimens with
dimensions of 10x4 mm (l x d). The specimens were ground with abrasive papers
of mesh size 350, 500 and 1200. Later, the specimens were polished sequentially
with diamond paste to 3 µm and 1 µm.
Chemical etching of the metallographic surface is the most common and widely
practised way to identify phases. It is common to optimise the etching process to
create a contrast between phases i.e. by varying concentrations or using a
combination of solutions. The etching response would therefore be dependent
on etching time, composition of the investigated steel and the combination of
phases present in the microstructure. The investigated steel in hardened condition
had a multiphase microstructure i.e. consisting of mainly martensite, as well as
bainite, retained austenite, and undissolved carbides. The tempered
microstructure in addition contained untempered martensite. Thus, 1 µm
polished surface of specimens were first etched with Picral (4% picric acid) for 23 s and then with 2% or 5% Nital for revealing the microstructure. The etching
times ranged from 5 s to 1 min depending on the heat treatment.
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XRD was performed on the same specimen that was used for microscopic or
dilatometry investigations. The specimens were prepared in a similar fashion as
for microscopy except for the final etching where the specimens were electropolished with a voltage of 40 V for 10 s in a Struers LectroPol-5.
Specimens for EBSD were ground by conventional method to 1 µm with
diamond paste. They were then electro-polished at a voltage of 40 V for 3 s with
an electrolyte consisting of 70% of ethanol, 10% of ethylene glycol, 12% of water
and 8% of perchloric acid. The 1 µm polished surface of tempered specimen (T2)
was prepared by a final polishing step, instead of electro-polishing. It was
performed in an automatic grinding and polishing unit (ATM, Advanced
Metallography), with fine particles of colloidal silica (Brukers, OPU suspension) for
four minutes and one minute with only water. 1 kg load of Vickers hardness micro
indents were used to locate the area of EBSD investigations which was later
etched in Picral for 1 s and 2% Nital for 2 s for observation in SEM.
Thin foils for Transmission Electron Microscope (TEM) were produced by
mechanical grinding of 3 mm discs to about 50 to 80 µm, followed by twin jet
electro-polishing (Struers, TenuPol-5). The electrolyte was a mixture of 70%
ethanol, 12% water, 10% ethylene glycol, and 8% perchloric acid. Electropolishing was conducted at 20 V at room temperature until a thin hole was
produced in the specimen.

4.5 Characterisation techniques
4.5.1 Light optical microscopy
A light optical microscope (Zeiss Axiophot) was used to measure the prior austenite
grain size and for investigations of hardened and tempered microstructures. The
average prior austenite grain size was measured at a magnification of 200x
following the ASTM standard E-112 [84].

4.5.2 Scanning electron microscopy
A scanning electron microscope (FEI, Quanta 600 F) with an acceleration voltage
in the range from 10 to 20 kV was used to study the microstructure at higher
magnification. The SEM is equipped with a field emission gun and an Energy
Dispersive X-ray Spectrometer (EDS, Oxford Instruments). EDS was used to
measure the chemical composition of the undissolved carbides. Secondary
electron and back scattered electron detectors were used for microstructural
investigations.
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The electron beam in a SEM when hitting the specimen gives rise to secondary
electrons, backscattered electrons and X-rays. The secondary electrons are
emitted from a narrow depth (5-50 nm) and are used for higher resolution
imaging. Backscattered electrons are emitted from a larger depth of 50-1000 nm
in the specimen while characteristic X-rays are emitted from a depth of 1-2 µm.
A material composed of elements with higher atomic numbers yield more
backscattered electrons than a material containing elements with lower atomic
number. This results in atomic number contrast that can be used to differentiate
between phases such as different carbides.

4.5.3 Electron backscattered diffraction
Electron BackScattered Diffraction (EBSD) is a SEM based microstructural
investigation technique. It is used to record crystallographic information of
metals, minerals, semi-conductors and ceramics [85]. This information is spatially
distributed and can be visualised in the form of maps and images. Thus, it can be
used to reveal the distribution and contents of phases, crystal orientation,
misorientation between phases and or grains, local strain, texture etc.
The working principle of EBSD is based on Bragg’s law of diffraction. In SEM,
a stream of electrons after hitting a tilted crystalline specimen is back scattered.
The cone of diffracted electrons that fulfils Bragg’s law from a given single lattice
plane (hkl) forms a Kikuchi band. Similarly, a collection of Kikuchi bands from
families of different lattice planes forms an Electron BackScattered diffraction
Pattern (EBSP) on a phosphor screen and is recorded by a Charged Couple
Device (CCD) camera. An EBSP is a characteristic of the crystal structure and its
orientation from the investigated area of the specimen. The EBSP is compared
with a simulated pattern of the crystal structure to find the best fit. A matched
pattern is then used to identify the phase and its crystal orientation. An example
of indexed EBSP pattern for austenite is shown in Fig. 4.3.
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Figure 4.3 Indexed EBSP pattern of austenite from an investigated area of Caldie.

A SEM (FEI Quanta 600 F) equipped with a field emission gun and an EBSD
detector (NordlysNano) was used to record EBSP which were analysed in the
software AZTEC (Oxford Instruments). The specimen was mounted on a pre-tilted
holder with an angle of 70° from horizontal. The investigation was conducted at
a working distance of 10 mm with original resolution or with binning of 2x2 and
a step size of 50 nm. Based on the electron backscattered diffraction patterns and
the chemical information of the material [28], the phases were chosen from the
Inorganic Crystal Structure Database built in software AZTEC. Due to the
limited spatial resolution of the SEM, small tempering carbides with sizes lesser
than 0.5 µm were not included in the investigations. The following crystal
structures were used for the EBSD acquisition: BCC, FCC and Orthorhombic.
Martensite has a BCT structure but due to the small difference in tetragonality
between martensite and ferrite, BCC was considered a suitable replacement for
BCT and was used to index martensite. FCC was used to index retained austenite
and Orthorhombic (Cr7C3) was used to index undissolved carbides.
The post processing of the acquired data was performed in the software Channel
5 (Oxford Instruments) by using the module Tango. A noise reduction routine allows
removing isolated points that have been incorrectly indexed. This was applied on
all maps using the function of ‘wild spike’ followed by extrapolation of ‘four
neighbours zero solution’ for FCC and M7C3 [86], as well as removal of zero
solutions for BCC. The EBSD maps from an area of 300 µm2 were used to
statistically analyse the microstructural features. A grain is defined as a region
being completely bounded by boundaries that all have a misorientation angle
larger than 10° [86]. The area of a grain was then transformed to an equivalent
circle diameter in µm. This information was used to construct a normalised size
distribution of equivalent circle diameter of martensite and retained austenite
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using a bin size of 50 nm. The information in the initial bins i.e. less than 80 nm
were removed from the data as it mostly included noise.

4.5.4 Transmission electron microscopy
The transmission electron microscope is considered as one of the most versatile
and efficient instruments in the field of microscopy [87]. It has a column assembly
with a vacuum system. The top of the column has an electron gun (e.g. LaB6) and
the middle part of the column contains a series of electromagnetic lenses and
apertures. The lenses are used to focus the beam on the specimen. A TEM
specimen has to be thin enough to pass the electrons. The image is magnified and
focused on to an imaging device such as fluorescent screen or a CCD camera.
TEM is not only used for high resolution imaging but also to identify phases.
Chemical analysis of the phases can be conducted by EDS in the TEM. Another
way is by conducting electron diffraction which can provide crystallographic
information of the phase. The two common modes of imaging in TEM are bright
field and dark field imaging. TEM (FEI Technai G2) was used with the acceleration
voltage of 120 kV, in bright field mode.

4.5.5 X-ray diffraction
XRD (Seifert 3003) was conducted to measure volume fraction and lattice
parameter of retained austenite. XRD was carried out using unfiltered Cr Kα
radiation. An acceleration voltage of 40 kV and a step size of 0.1° was used over
the angular range of diffracted electrons (2θ) from 50°-165°. The software,
Rayflex 2.407 (GE & Inspection Technologies) was used to measure the relative
intensities of the diffracted peaks of martensite (110)α, (200)α, (211)α and the
diffracted peaks of retained austenite (111)γ, (200)γ and (220)γ. The use of these
peaks allows avoiding possible bias due to crystallographic texture [88]. The
volume fraction of retained austenite was measured by performing curve fitting
of the diffracted peaks on the plot of intensity as a function of 2θ. The amount
of retained austenite was calculated by comparing the integrated intensities of the
diffracted peaks of martensite and austenite according to Cullity [89]. The
accuracy of retained austenite measurement was estimated to ± 2%. Thus, it was
not possible to precisely measure the retained austenite contents below 2%.
The lattice parameter (aγ) was calculated for individual peaks of austenite by
plotting the lattice parameter as a function of cos 2θ/sin2θ. The precise value of
lattice parameter was obtained by extrapolating the linear fit against θ to 90°. The
weighing of the data set is described elsewhere [61] where the highest weight was
given to the largest value of 2θ. The standard deviation for the lattice parameter
was calculated from the results of three measurements.
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4.6

Thermodynamic and kinetic calculations

Thermo-Calc [90], a software package for thermodynamic calculation was
developed in the mid-70’s. It is now commonly used for development and
evaluation of alloys in academic and industrial research. The software was used to
calculate the equilibrium composition of different phases and for calculations of
phase diagrams. An internal data base ‘Tooling 11’ specialised for Uddeholms
steels was used when performing the calculations. Using this database describes
more accurately all phases forming in Uddeholms steels than the standard data
bases available in Thermo-Calc.
The effect of cooling rate on the phase fraction of the steel after austenitisation
was calculated with the software JMatPro. It is a simulation based software for
modelling of material properties and accurate description of all major phase
transformations taking place during heat treatment. The model used for the
calculation of phase fractions is described elsewhere [91].

4.7 Mechanical testing
4.7.1 Hardness
Hardness measurements were carried out on specimens having similar
dimensions as those used for microscopy. Rockwell C hardness was measured
with a Zwick/Roell ZHR hardness tester at room temperature. Each reported
hardness value is an average of five measurements.

4.7.2 Compressive strength
The specimens for uniaxial compression testing had a dumb bell shape with an
overall length of 42 mm and a largest diameter of 16 mm. They were taken from
the centre of the steel billet and tested in longitudinal direction (see Fig. 4.4). The
uniaxial compression test was performed with an MTS Universal Testing machine
at room temperature. The yield strength was defined at a compression of 0.2%
plastic strain. Each yield strength value is an average of three measurements.

4.7.3 Impact toughness
Specimens for un-notched and V-notched impact toughness testing were
produced with the dimension of 55x7x10 mm and 55x10x10 mm (l x b x h),
respectively (see Fig. 4.4). They were machined from the centre of the steel billet
in the transversal direction. The notched specimens contained a 2 mm deep 45°
V-notch with a radius of 0.25 mm with the notch pointing in the radial direction.
The impact testing was carried out at room temperature with an Amsler/Roell RKP
58

EXPERIMENTAL

150 equipment. The reported impact energies are the average of five or seven
measurements.

Rolling direction

Radial direction

Charpy V-notched and un-notched
impact testing specimen in transversal

Figure 4.4 Illustration of specimens taken from the soft annealed bar showing direction
of rolling and the directions of testing.
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5 Results
The Uddeholms AB steel grade Caldie was investigated after varying the heat
treatment parameters to understand the phase transformations occurring during
the heat treatment. The resulting microstructures were examined and the effects
of microstructure on the mechanical properties were evaluated. The
microstructure of this steel after hardening contains significant amounts of
retained austenite. Therefore, measuring the retained austenite content and its
identification in the microstructure are important parts of this work. This chapter
therefore starts by presenting results showing the importance of specimen
preparation when measuring the retained austenite content. This is followed by a
presentation of the results from different hardening and tempering treatments. At
the end some results from mechanical testing are presented.

5.1

Effect of surface preparation

In steels the retained austenite content is commonly measured by XRD and
EBSD. The methods of specimen preparation can vary depending on which
measurement technique is used. In this sub-chapter, results showing the
importance of surface preparation will be presented and it will be seen that the
preparatory steps of specimens can influence the measured retained austenite
content.

5.1.1 XRD
The XRD results for specimens T0.1, T0.5 and T1 are presented in Fig. 5.1 Retained
austenite was measured for three different surface conditions, firstly on a freshly
electro-polished surface, then on an old surface (saved for 2 months) and finally
on a surface that was re-ground and freshly electro-polished.
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Figure 5.1 Retained austenite content for a freshly electro-polished surface, an old
surface which was polished two months prior to measurement and the same surface
re-ground and electro-polished. Notice the decrease in retained austenite content for
specimens which had old surfaces.

It can be noticed that the retained austenite content was lowered for the
specimens that were prepared two months prior to measurement. The lowering
of the retained austenite content was largest for specimen T0.1, whereas fewer
differences were noticed for specimens T0.5 and T0.1 compared to freshly polished
specimens. The result after re-grinding and polishing of the saved specimen
showed almost no difference in retained austenite content compared to freshly
polished specimens.

5.1.2 EBSD
Colour coded EBSD phase maps for specimen Q75, when prepared with colloidal
silica suspension (OPU) or electro-polishing are presented in Fig. 5.2a and b,
respectively. It can be noticed that the specimen which was polished with OPU
showed lesser amounts of retained austenite whereas the same specimen when
prepared with electro-polishing showed larger sized regions and higher amounts
of retained austenite.
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a) Q75

Prepared with OPU
RA = 4 %

5 μm

Martensite

Prepared with electro-polishing
RA = 22 %
b) Q75

Austenite

M7C3

Boundaries
10±180° bcc

Figure 5.2 EBSD phase maps of the specimen Q75 prepared by final polishing with a)
OPU or b) electro-polishing. Martensite, retained austenite, M7C3 and boundaries of
martensite are shown in blue, red, green and black respectively. A larger amount of
retained austenite was observed when the specimen was prepared with electropolishing than by OPU.

5.2 Hardening
This chapter presents the effects of phase transformation on the microstructure
when hardening Caldie at different austenitisation temperatures and using the
traditional cooling rate of 1°C/s. It is followed by some detailed investigations of
the effect of cooling with fast and slower rates as well as interrupted cooling at
some specific temperatures on the microstructure.
A major problem in these investigations was that the microstructure shows two
different main constituents, i.e. etched features and blocky less etched features
(neglecting the low fraction of primary carbides). These features do not appear to
be directly connected to the content of martensite, bainite or retained austenite
measured by XRD. Thus, one main focus in these investigations was to determine
the nature of the features.

5.2.1 Austenitisation at 1020°C, 1050°C and 1075°C
The prior austenite grain size for the samples austenitised at temperatures of
1020°C, 1050°C or 1075°C, is illustrated in Fig. 5.3. The steel austenitised at
1020°C (Fig. 5.3a) showed very fine prior austenite grains (11 μm). The prior
austenite grains are somewhat coarser when the specimen was austenitised at
1050°C (16 μm, see Fig. 5.3b). However, the grain size increased drastically after
austenitisation at 1075°C to 45 μm (see Fig. 5.3c).
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a) 1020°C

PAGS =11μm

50 μm

b) 1050°C

PAGS = 16μm

50 μm

PAGS = 45μm

c) 1075°C

50 μm
Figure 5.3 Light optical micrographs showing prior austenite grains after austenitisation
at a) 1020°C, b) 1050°C, and c) 1075°C. The Prior Austenite Grain Size (PAGS) was
smaller when austenitised at 1020°C (11 μm) and 1050°C (16 μm) while it was much
larger when austenitised at 1075°C (45 μm). Images taken from [28].

64

RESULTS

The volume fraction of retained austenite as measured with XRD increased with
higher austenitisation temperature and was 19%, 23% and 28% in specimens
austenitised at 1020°C, 1050°C or 1075°C, respectively. The retained austenite
content for the specimen austenitised at 1050°C cooled with traditional cooling
rate to room temperature and deep cooled to -196°C, was also measured with
XRD. It was found that the deep cooled microstructure contained only 8% of
retained austenite.
Dilatometry data was gathered during cooling (with a rate of 1°C/s) of the
specimens that were austenitised at 1020°C, 1050°C or 1075°C (Table 4.2). The
length change during cooling from 800°C to room temperature is shown in Fig.
5.4a. This figure also shows an example of the derivative of length change as a
function of temperature for the specimen austenitised at 1020°C (black line).
Notice that the length of the specimens decreased linearly until 250°C. Below that
temperature, an increase in the length of the specimen was observed and bainite
(Bs) and martensite start (Ms) temperatures were identified with the help of the
derivate of length change (the method of determining bainite and martensite start
temperatures is described in section 4.3).
The length change as a function of specimen temperature from 240°C to 100°C
is presented in Fig. 5.4b. Bainite (Bs) and martensite (Ms) formation start
temperatures during cooling for different austenitisation temperatures are marked
with pointers in Fig. 5.4b. Notice that the bainite and martensite start
temperatures were lower for specimens that were austenitised at higher
temperatures. Moreover, the initial increase in length was less pronounced for
specimen austenitised at a higher temperature corresponding to lesser amounts of
transformation in the resulting microstructure. The measured transformation
temperatures for these specimens are presented in Table 5.1.
Table 5.1 Martensite and bainite formation start temperatures for specimens
austenitised at 1020°C, 1050°C or 1075°C.
Sample

Ms (˚C)

Bs (˚C)

2.

Q20
Q50

180
150

230
200

3.

Q75

140

190

1.

65

RESULTS

a)

b)
Figure 5.4 a) Length change as a function of specimen temperature during cooling (with
a rate of 1°C/s) from the austenitisation temperatures of 1020°C, 1050°C or 1075°C.
Notice identification of martensite and bainite start temperatures on the derivative of
length change (black line). b) A closer view of section from 240°C to 100°C. The
martensite and bainite start temperatures were lower when austenitisation took place
at higher temperatures. Image (a) is taken from [28].

The hardened microstructures of the specimens austenitised at 1020°C, 1050°C
and 1075°C were largely similar in the sense that they consisted of dark and light
etching regions in LOM although the proportions of dark and light regions varied
with the austenitisation temperature. As an example, a high magnification optical
micrograph of the specimen austenitised at 1075°C is presented in Fig. 5.5. The
microstructure showed dark and light etching regions together with undissolved
carbides. It can be further noticed that the light regions consisted of blocky as
well as elongated features. A rough estimation of the volume fraction of light
etched blocky regions seems higher than the volume fraction of retained austenite
from XRD results (i.e. 28 vol.%). Moreover, the fine structure of martensite could
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not be resolved in the light optical micrograph. Thus, a more complete picture
was required.
1075°C
Dark region

Blocky light region
Undissolved carbides

Light region (elongated feature)

20μm
Figure 5.5 A light optical micrograph of hardened microstructure of Caldie after
austenitisation at 1075°C with undissolved carbides, dark and light etching regions. The
light regions were either blocky or elongated. Image taken from [28].

The specimen austenitised at 1050°C was therefore also investigated with TEM
and a representative bright field image is shown in Fig. 5.6. The microstructure
consisted of mainly lath martensite and some twin martensite.

Lath martensite

Twin martensite
200 nm

Figure 5.6 TEM bright field micrograph of as-quenched specimen after austenitisation
at 1050°C showing parallel laths of martensite and twinned martensite.
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The hardened microstructures were further studied by EBSD. Colour coded
EBSD phase maps of the specimens, austenitised at 1050°C and 1075°C are
presented in Figs. 5.7a and b, respectively. Retained austenite is present as thin
laths and also in the form of blocky islands with angular shapes. There is
significantly more and larger sized retained austenite features in the specimen
austenitised at 1075°C.

Figure 5.7 EBSD phase maps of specimens austenitised at a) 1050°C and b) 1075°C.
Martensite, retained austenite and M7C3 are shown in blue, red and green, respectively.
Notice the higher amount of blocky retained austenite for the specimen austenitised at
1075°C.

For a detailed characterisation of blocky regions in the hardened microstructure,
an EBSD band contrast map of the specimen austenitised at 1075°C is shown in
Fig. 5.8a. The mapped area is within one prior austenite grain. A combined EBSD
band contrast and Inverse Pole Figure (IPF) map of martensite is presented in
Fig. 5.8b where M7C3 carbides and retained austenite are shown in grey. Notice
that some martensite orientations appeared quite frequently. A combined EBSD
band contrast and phase map of retained austenite (red) is presented in Fig. 5.8c.
A SEM micrograph from the same area is presented in Fig. 5.3d showing etched
regions with a grainy appearance and smooth less etched blocky regions.
For easier comparison, some of the blocky regions of Fig. 5.8d were drawn on
Figs. 5.8b and c to enable a direct comparison with the microstructural features.
These blocky regions in Figs. 5.8b, c and d were labelled as: Single Martensite
(SM), Multiple Martensite (MM) and Martensite Austenite (MA).

68

RESULTS
a) Q75

b) Q75

Band Contrast image (BC)

MA

BC + IPF martensite

MM

MM

MA
SM

SM

2 μm

2 μm

Figure 5.8 EBSD images of the Q75 specimen showing a) a band contrast map b) band
contrast combined with IPF for martensite, c) a phase map for retained austenite and
d) a SEM micrograph of the same area. Compare Figs. c and d to notice that most of
the blocky regions were retained austenite. Compare Figs. b, c and d to notice that the
SM region consisted of martensite with a single orientation, the MM regions consisted
of martensite with multiple orientations while the MA region was a mixture of martensite
and retained austenite.

It can be noticed by comparing Figs. 5.8b and d that the etched regions in the
SEM micrograph consist of martensite with different orientations. However, the
blocky features were rather complex. Compare Figs. 5.8c and d to notice that
most of the blocky features consist of retained austenite, but those labelled MM
and SM regions in Figs. 5.8b and d, are martensitic. The SM region consists of
martensite with a single orientation (light blue, see Fig. 5.8b) while the MM region
contained martensitic regions with several different crystallographic orientations
(light blue, blue, light green and red, see Fig. 5.8b). Obviously martensite etches
differently depending on its orientation as will be discussed in chapter 6.
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Hence, it was concluded that the blocky less etched regions were not only retained
austenite but also could consist of martensite with a single or several different
orientations as well as a combination of retained austenite and martensite.

5.2.2 Influence of cooling rate
Hardening of large tools is difficult as it is desired that the hardened tools have a
homogeneous microstructure and even properties. Cooling rate is a key factor
controlling the phase transformation in the microstructure. It is often noticed that
the cooling rate varies from the surface to the core of a tool causing the
microstructure and properties to vary. This variation when cooling a large tool is
simulated in this chapter by investigating fast and slower cooling after
austenitisation. The focus is to understand the influence of cooling rate on phase
transformation and on the resulting microstructure.
The hardened microstructures of Caldie after austenitisation at 1050°C and
cooling with a fast (10°C/s) and a slow (0.1°C/s) rate are presented in Figs. 5.9a
and b, respectively. Both micrographs show prior austenite grain boundaries and
undissolved carbides. The microstructure of the rapidly cooled specimen shows
dark etching regions and smaller light etching regions. The microstructure of the
slowly cooled specimen, on the other hand contains grey etching needles together
with bigger light etching blocky regions. The needles are of varying sizes and
widths.
a) FC

b) SC

Blocky light region

Prior austenite grain boundary

Dark etched regions
Dark needle structure

Blocky light region

20μm

20μm

Figure 5.9 Light optical micrographs of specimens austenitised at 1050°C after a) fast
cooling (10°C/s) and b) slow cooling (0.1°C/s). The microstructure of the slowly cooled
specimen contains needle like structures (grey) which are not present in the more
rapidly cooled specimen.

SEM micrographs of the fast and slowly cooled specimens are presented in Figs.
5.10a and b, respectively. The microstructure of the rapidly cooled specimen is
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very similar to the hardened microstructure previously observed for the specimen
cooled with the traditional cooling rate (see Fig. 5.5), i.e. it consists of etched
regions and less etched regions with a blocky appearance.
The SEM micrograph of the slowly cooled specimen shows a rather complex
microstructure, which contains bigger blocky regions that appeared to be partially
etched. Moreover, the etched regions contained thin light structures of two
different types. The first type contained thin light structures that appear to be
arranged in lamellae and are labelled as feathery structure in Fig. 5.10b. The other
also appears to contain thin light structures but they are randomly distributed in
the etched needle structure and labelled as ‘non-lamellar structure’.
b) SC

a) FC
Blocky structure

Partially etched region

Non lamellar structure
Etched martensite

Feathery structure

5 μm

5 μm

Figure 5.10 SEM micrographs of a) rapidly and b) slowly cooled specimens. The fast
cooled microstructure contained etched and blocky light regions. The slowly cooled
specimen showed partially etched big blocky regions while etched regions appeared as
containing feathery as well as non-lamellar structures.

A higher magnification SEM micrograph of the feathery structures in a slowly
cooled specimen is presented in Fig. 5.11a. Notice that the feathery structure
actually consists of dark laths with a lamellar interweaving light imaging phase. A
higher magnification SEM micrograph of non lamellar structures is shown in Fig.
5.11b. It contained a discontinuous light phase randomly distributed within the
needles.
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a) SC

b) SC
Dark laths

Light phase

Light phase unevenly distributed
Feathery structure

1 μm

1 μm

Figure 5.11 Higher magnification SEM micrographs of slowly cooled specimens
showing a) a feathery structure and b) a non-lamellar structure that contains unevenly
distributed light features.

A dilatometry result showing length change as a function of specimen
temperature during rapid (solid line) and slow (dashed line) cooling after
austenitisation at 1050°C, is shown in Fig. 5.12. Fast cooling resulted in an
increase in length below 200°C, due to formation of martensite. On the other
hand, the slowly cooled specimen has an initial increase in length at temperature
around 340°C which terminates around 260°C. This transformation is assumed
to be bainitic. A further cooling of the specimen revealed a length increase again
at 145°C, considered to be due to martensite formation. The formation start and
finish temperatures are presented in Table 5.2. The slowly cooled specimen had
about 40°C lower martensite formation start temperature than the specimen that
was cooled more rapidly.
Table 5.2 Martensite and bainite formation start and finish temperatures determined
from dilatometry curves.
Sample
SC
FC

Ms (˚C)
145
190
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Bs (˚C)
340
-

Bf (˚C)
260
-
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Figure 5.12 Length change as a function of specimen temperature during fast and slow
cooling of specimens austenitised at 1050°C. Martensitic formation occurred for both
specimens whereas during slow cooling, a transformation was also noticed to occur
between 260°C and 340°C.

After investigating the dilatometry curves, it became obvious that the
microstructure of rapidly cooled specimen contained only martensite, retained
austenite and undissolved carbides. However, the slowly cooled specimen
contained possibly bainite together with martensite, retained austenite and
undissolved carbides. The phase fractions of the fast and slowly cooled specimens
were measured with XRD and EBSD. These results are shown in Table 5.3. The
difference in retained austenite content between the two specimens was very small
considering the uncertainty of ±2 vol.% in the XRD measurements. The retained
austenite content measured with EBSD was similar but slightly smaller than XRD
values.
Table 5.3 Volume (%) of martensite and retained austenite measured with XRD and
EBSD.
Specimen
FC
SC

Phases
Martensite
RA
Martensite + bainite
RA

XRD (vol.%)
82
18
85
15

EBSD (vol.%)
84
16
86
14

EBSD phase maps of the fast and slowly cooled specimens are presented in Figs.
5.13a and b, respectively. Although the difference in retained austenite content
between the specimens is small, a difference in morphology was persistent. The
retained austenite in the rapidly cooled specimen had a more blocky appearance,
which partly resembles the less etched regions of the rapidly cooled specimen
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showed in the SEM micrograph of Fig. 5.10a. On the other hand, the slowly
cooled specimen had more thin retained austenite and a limited resemblance with
the SEM micrograph of Fig. 5.10b.
a) FC

5 μm

b) SC

RA= 16 %

Martensite

Austenite

RA= 14 %

M7C3

Boundaries
10±180° bcc

Figure 5.13 EBSD phase maps showing retained austenite and martensite in the a)
fast and b) slowly cooled specimens. There is more blocky retained austenite in the
rapidly cooled specimen and more fine retained austenite in the slowly cooled
specimen.

A further investigation was performed on the slowly cooled specimen. A SEM
micrograph of the slowly cooled specimen is presented in Fig. 5.14a. A rectangle
marks a lamellar feature. The rectangular area was investigated with EBSD at a
higher magnification with a step size of 10 nm. The high magnification SEM
micrograph and EBSD phase map from the rectangular area are presented in Figs.
5.14b and c, respectively. It was found by comparing these that the interconnected
thin light features are largely retained austenite as most of the light phase in the
SEM micrograph coincides with the mapped retained austenite.
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a) SC

2 μm

Figure 5.14 a) SEM micrograph of the slowly cooled specimen showing a rectangular
area containing a lamellar feature. b) Higher magnification SEM micrograph and c)
EBSD phase map from the rectangular area showing that the thin light structures are
largely retained austenite.

5.2.3 Interrupted cooling
It was learned from the dilatometry results that the specimen austenitised at
1050°C and cooled with a traditional cooling rate of 1°C/s forms some amounts
of bainite. However, bainite was not distinguishable from martensite, probably
due to its relatively low content. Therefore, two experiments were designed to
interrupt the cooling at either 200°C or 170°C. Specimens were held at these
temperatures for either 2 or 48 h before cooling to room temperature. The intent
of these experiments was to study the bainite formation.
5.2.3.1 Transformation behaviour
Dilatometry results of length change as a function of holding time up to 2 h, for
specimens isothermally held at 200°C and 170°C are shown in Fig. 5.15. During
holding at 200°C, the transformation was sluggish and a very small length change
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of 0.004% was measured. The transformation at the lower temperature of 170°C
was less sluggish with a total length change of 0.02% within 2 h. The expansion
was noticed to start within 5 minutes and most of the expansion occurred in the
first hour. During the second hour, only a small increase in length was observed.

Figure 5.15 Dilatometry result from interrupted cooling experiments showing relative
length change as a function of holding time (2 h) at 200°C and 170°C. The total length
change of the specimen isothermally held at 170°C was 0.02% while at 200°C, a very
small change in length was observed.

Dilatometry data was also gathered from the specimens that were isothermally
treated at 200°C and 170°C for 48 h. The length changes of these specimens are
presented as a function of holding time for 48 h in Fig. 5.16. The specimen
subjected to isothermal treatment at 200°C had a larger length change of 0.3%
while the specimen isothermally held at 170°C for 48 h had a smaller length
change of 0.065%. A comparison of the results from the specimens isothermally
treated at 170°C for 2 and 48 h suggests that 30% of transformation occurred
during the first hour of the treatment.
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Figure 5.16 Dilatometry result from interrupted cooling experiments showing relative
length change as a function of holding time for 48 h at 200°C and 170°C. The length of
the specimen isothermally treated at 200°C for 48 h increased 0.3%. At 170°C the
length change was smaller i.e. 0.065%.

The relative length change as a function of specimen temperature from 600°C to
room temperature for isothermally treated specimens is presented in Fig. 5.17.
Notice that the cooling of the specimens were interrupted at 200°C and 170°C
for 2 or 48 h showing an increase in length. Further cooling after the isothermal
treatment showed that the specimen IC200°Cx48h had no martensitic transformation
while the specimen IC200°Cx2h had martensite transformation starting at 150°C.
Similarly, the specimen IC170°Cx2h and IC170°Cx48h had martensitic transformation,
where the martensite start temperature for 48 h treatment was lower (94°C) than
for the 2 h treatment (140°C).

Figure 5.17 Relative length change as a function of specimen temperature from
600°C to room temperature for the specimens subjected to interrupted cooling
treatments. Notice that the cooling was interrupted at temperatures of 200°C or 170°C
for 2 or 48 h. Further cooling showed no sign of martensitic transformation for
specimen IC200°Cx48h whereas IC170°Cx48h had lower Ms than IC170°Cx2h.
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5.2.3.2 Volume fraction of phases
The volume fractions of phases and the lattice parameter of retained austenite in
isothermally treated specimens were measured with XRD. These results are
shown in Table 5.4. It is reasonable to believe that the phase fractions measured
with XRD is of bainite (54%) and retained austenite since no martensite start
temperature was found for specimen IC200°Cx48h. All other specimens consisted of
bainite, martensite and retained austenite. Thus estimation of the bainite fraction
was necessary (discussed in chapter 6) for all specimens except for the one treated
at 200°C for 48 h.
The retained austenite content for the specimens isothermally treated at 200°C or
170°C for 48 h was higher (46% and 28%, respectively) than for the specimens
treated for 2 h (i.e. 19% at 200°C and 16 % at 170°C). The lattice parameter of
retained austenite was higher in the specimens treated for 48 h than for 2 h
treatments. The lattice parameter of retained austenite in specimens treated for 2
h at 200°C was higher than at 170°C for 2 h. A similar result can be observed
when comparing the treatments for 48 h at 200°C and 170°C.
Table 5.4 Volume fractions (%) of RA, martensite (+ bainite) and lattice parameters of
retained austenite measured with XRD.

IC200°Cx2h
IC200°Cx48h
IC170°Cx2h
IC170°Cx48h

RA
(Vol.%)
19
46
16
28

B
(Vol.%)
54
-

M+B
(Vol.%)
81
84
72

Aγ
(Å)
3.606±0.0004
3.610±0.0004
3.605±0.0004
3.609±0.0004

5.2.3.3 Microstructure
The light optical micrographs of specimens that were isothermally treated at
200°C for 2 or 48 h are presented in Figs. 5.18a and b, respectively. The
microstructure of the specimen treated for 2 h, shows etched regions and blocky
light etching regions. The microstructure when isothermally treated for 48 h
contained thin needles, and less etched bright blocky regions.
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a) IC200°Cx2h

b) IC200°Cx48h
Etched regions

Light etched blocky
regions
Thin needles

Light blocky regions

20μm

20μm

Figure 5.18 Light optical micrographs of specimens a) IQ 200°Cx2h showing etched and
light etched regions b) IQ200°Cx48h showing thin needle structures and bright blocky
regions.

The SEM micrographs of specimens isothermally treated at 200°C for 2 and 48 h
are presented in Figs. 5.19a and b, respectively. The microstructure of the
specimen treated for 2 h, shows etched regions and blocky light etching regions
typically found for the specimen that was cooled with traditional cooling rate
(compare with Fig. 5.5). The microstructure when isothermally treated for 48 h
contained thin needles, typically found in a bainitic structure, and less etched
blocky regions. The thin needles are not present in the micrograph of the
specimen treated for 2 h or are not revealed if etched similar to martensite.
a) IC200°Cx2h

b) IC200°Cx48h

Undissolved carbide

Light etching region

Prior austenite grain boundary
Needle structures
Etched regions
Light blocky region

5 μm

5 μm

Figure 5.19 Secondary electron SEM micrographs of specimens a) IC200°Cx2h showing
etched and less etched regions b) IC200°Cx48h showing needle structures and a large
amount of blocky light etched regions.
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A further investigation of specimen IC200°Cx48h by EBSD is presented in Fig. 5.20.
It revealed that a majority of the blocky less etched regions were retained
austenite.
IC200°Cx48h

RA = 40%

5 μm
Martensite
Bainite

Austenite

M7C3

Boundaries
10±180° bcc

Figure 5.20 EBSD phase map of the specimen isothermally treated at 200°C for 48 h
showing large amounts of blocky retained austenite (red).

The microstructures of specimens isothermally treated at 170°C for 2 or 48 h are
presented in Figs. 5.21a and b, respectively. They show prior austenite grain
boundaries in a predominantly martensitic microstructure with some light etching
blocky regions. The difference between the two microstructures is that the grain
boundary regions etched less in the specimen treated for 2 h than in that treated
for 48 h. Due to this, the features present along the prior grain boundaries
appeared as grey in the sample treated for 2 h (Fig. 5.21a) and dark in the 48 h
sample (Fig. 5.21b).
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a) IC170°Cx2h

b) IC170°Cx48h
Dark etched features
Feature (grey)
Light blocky region

Light blocky region

Prior austenite grain boundary

20 μm

20 μm

Figure 5.21 Light optical micrographs of specimen a) IC170°Cx2h and b) IC170°Cx48h. Both
specimens showed features at the prior austenite grain boundaries. There are grey
etching features at boundaries on the sample treated for 2 h and dark etching features
in the sample treated for 48 h.

SEM micrographs of the specimens IC170°Cx2h and IC170°Cx48h are presented in Fig.
5.22. The prior austenite grain boundaries in the 2 h sample contain more heavily
etched regions than the matrix as shown in Fig. 5.22a. The sample treated for 48
hours revealed fine carbides that precipitated in the dark feature at the boundaries
as shown in Fig. 5.22b.
a) IC170°Cx2h

b) IC170°Cx48h
Carbides

Dark etched features

Prior austenite grain boundary

5 μm

5 μm

Figure 5.22 SEM micrographs of specimen a) IC170°Cx2h and b) IC170°Cx48h. The dark
etched features along grain boundaries in specimen IC170°Cx2h were found to contain
very small carbides after the prolonged 48 h treatment.

A higher magnification SEM micrograph of the prior austenite grain boundary
region of specimen IC170°Cx48h is presented in Fig. 5.23. Notice that the carbides
are inclined at about 60° to the direction of the lath structure. This suggests that
this stucture is probably bainite that has grown along the prior austenite grain
boundaries.
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IC170°Cx48h

Thin carbides inclined at 60°

1 μm
Figure 5.23 A high magnification SEM micrograph of the specimen IC170°Cx48h showing
thin carbides inside the coarse structure. Notice that the carbides are inclined 60° to the
main axis of the feature.

5.3 Tempering
Tempering of hardened specimens was investigated with a focus on
understanding retained austenite transformation. Dilatometry was used to
observe length changes of the specimen during heating, holding or on cooling
after the treatment. Microstructures were investigated with LOM, SEM and in
some cases EBSD to characterise the resulting constituents. The tempering
temperatures for Caldie were investigated from 200°C to 600°C. Therefore, a
continuous heating experiment was conducted from room temperature to 650°C
to identify the critical temperatures that caused the abrupt changes in length of
specimen. Later on temperatures of 200°C, 525°C and 600°C were selected for
detailed investigations.
The first sub-chapter will present results from the continuous heating experiment.
Afterwards, results for tempering at 525°C, with varying holding times, as well as
single, double and triple tempering treatments are presented. Finally, results from
tempering at 600°C for the extended time period of 30 h is presented to provide
information about the kinetics of retained austenite transformation.

5.3.1 Continuous heating from 25°C to 650°C
The specimen austenitised at 1050°C and cooled with a traditional rate (1°C/s) to
room temperature or additionally cooled to -196°C were investigated during a
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continuous heating treatment, i.e. the specimens were heated from 25°C to 650°C
with a rate of 0.1°C/s in a dilatometer. The length change as a function of
specimen temperature during heating is shown in Fig. 5.24. The rate of length
changes for both specimens varied with temperature during heating, and more so
for the deep cooled than for the room cooled specimen. The length changes were
therefore further investigated by plotting the derivative of length change (dashed
lines) for both specimens as presented in Fig. 5.24.
The derivative of length changes for the two specimens showed similar trends,
with the rate of length change decreasing gradually from room temperature to
180°C, followed by an increase and then a decrease resulting in a peak in the
temperature range of 180-280°C. Above 280°C, the rate of length change
increased gradually until 650°C.

Figure 5.24 Length change and derivative of length change as a function of specimen
temperature during heating from room temperature to 650°C for the specimens
austenitised at 1050°C and cooled to room temperature (RTC) or to -196°C (DC). The
derivative of length change shows a peak within the temperature range of 180 to 280°C.

Cooling with a rate of 1°C/s after the continuous heating treatment was also
investigated with dilatometry. The length change as a function of specimen
temperature for the specimens cooled to room temperature and the specimen
cooled to -196°C are presented in Fig. 5.25. Notice the length changes of the
specimens during cooling in the temperature range from 200 to 350°C. This was
more prominent for the room cooled specimen than for the deep cooled
specimen. Martensite start and finish temperatures of the transformation during
cooling were measured. The start temperatures were 200°C and 250°C and finish
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temperatures 320°C and 350°C, for the room cooled and deep cooled specimens,
respectively.

320°C
200°C
350°C
250°C

Figure 5.25 Length change as a function of specimen temperature during cooling
(1°C/s) after the continuous heating treatment for specimens cooled to room
temperature (RTC) or to -196°C (DC). Martensite formation occurred for both
specimens and was more prominent in room cooled specimen than the deep cooled
specimen.

5.3.2 Single tempering at 525°C
The tempering behaviour during holding at 525°C of specimens austenitised at
temperatures of 1020°C, 1050°C, or 1075°C is presented in Fig. 5.26. It shows
the change in relative length of the specimen as a function of time for 2 h. Notice
that all specimens initially showed expansion for approximately 5 minutes
followed by contraction during the rest of tempering time. The specimens
austenitised at 1020°C or 1050°C showed a contraction of 0.007% during
tempering while the specimen austenitised at 1075°C showed a contraction of
approximately 0.006%.
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Figure 5.26 Relative length change as a function of time for 2 h during tempering at
525°C. Specimens that were austenitised at 1020°C or 1050°C had a contraction of
0.007% while the specimen austenitised at 1075°C showed a contraction of
approximately 0.006%. Image taken from [92].

When cooling to ambient temperature retained austenite transformation occurred
for all specimens. The transformation temperatures were evaluated and are
presented in Table 5.5. It can be noticed that a higher austenitisation temperature
resulted in a lower Ms temperature.
Table 5.5 The martensite start temperatures during cooling after a single tempering
treatment.
Sample
T20x1

Ms (˚C)
190

T50x1
T75x1

160
150

The relative length change as a function of time for a specimen that was
austenitised at 1050°C and tempered at 525°C for 10 h is presented in Fig. 5.27.
The total contraction of the specimen during 10 h was 0.01%.
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Figure 5.27 Relative length change as a function of tempering time for specimens
austenitised at 1050°C and tempered at 525°C for 10 h. A total contraction of 0.01%
was observed. Image taken from [29].

Martensite start and finish temperatures were determined from dilatometry curves
which are presented in Fig. 5.28 and results are listed in Table 5.6. No martensite
start temperature was observed for the specimen tempered for the shortest
holding time (0.1 h). Increasing the holding times resulted in higher martensite
start temperatures, see Fig. 5.28. The specimens tempered for the holding times
of 2, 6 or 10 h also showed martensite finish temperatures. The finish
temperatures were also found to increase with longer holding times.

Figure 5.28 Length change as a function of specimen temperature during cooling to
room temperature after tempering at 525°C for 0.1 (T0.1), 0.5 (T0.5), 1 (T1), 2 (T2), 6 (T6)
and 10 hours (T10). Martensite start temperatures increased with longer time at holding
temperature. No martensitic transformation was observed for the specimen T0.1. Image
taken from [29].
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Table 5.6 Martensite start and finish temperatures measured during cooling after
tempering at 525°C for varying holding times.
Specimen

Holding time (h)

Ms (°C)

Mf (°C)

T0.1
T0.5
T1
T2
T6
T10

0.1
0.5
1
2
6
10

40
120
160
240
280

60
140
180

5.3.2.1 Phase fractions
The fractions of retained austenite and the austenite lattice parameters for the
specimens tempered for varying holding time were measured with XRD and are
presented in Table 5.7. The retained austenite fraction decreased when the
holding time at 525°C was increased. Tempering for 6 or 10 h at 525°C resulted
in less than 2% retained austenite. The lattice parameter increased for the shortest
holding time of 0.1 h when compared with the lattice parameter for the asquenched specimen while the lattice parameter decreased with time for longer
holding times.
Table 5.7 Fractions and lattice parameters of retained austenite after tempering at
525°C.
Specimen
Q50
T0.1
T0.5
T1
T2
T6
T10

Holding time
(h)
0.1
0.5
1
2
6
10

RA
(vol. %)
24 ± 2
22 ± 2
17 ± 2
12 ± 2
5±2
-

Lattice parameter (aγ)
Å
3.6037 ± 0.0005
3.6070 ± 0.0005
3.6032 ± 0.0002
3.6020 ± 0.0008
3.5998 ± 0.0006
-

5.3.2.2 Microstructure
The hardened microstructure of the investigated steel after austenitisation at
1050°C containing undissolved carbides, more heavily etched regions and less
etched blocky regions is shown in Fig. 5.29a. The microstructure of the specimens
tempered at 525°C for holding times of 0.1, 0.5, 1, 2 and 6 h (see Table 4.4) were
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alike i.e. they had similar fractions of etched and less etched blocky regions.
Therefore, the microstructure of a specimen tempered for 2 h was considered
representative for microstructures of specimen tempered for 0.1, 0.5, 1 or 6 h and
is presented in Fig. 5.29b. It shows larger rounded undissolved carbides, elongated
carbides (light) in etched regions (less than 1 μm long) and etched blocky regions.
The amount of blocky region is smaller than in the hardened sample. A
comparison of the dark regions of hardened and tempered microstructures
reveals that the dark etched regions (in Fig. 5.29a) contained carbides after
tempering, as is typical when tempering martensite.
a) Q50

b) Tempered at 525°C (2 h)
Etched region

Blocky unetched region

Blocky unetched region
Etched region
Undissolved carbide

Carbides

5 μm

5 μm

Figure 5.29 SEM micrographs of a) hardened specimen austenitised at 1050°C and b)
after tempering for 2 h. Both microstructures showed undissolved rounded carbides,
together with more heavily etched and less etched regions. Small carbides were
present in the more heavily etched regions in the tempered microstructure. Images
taken from [29].

The microstructure in Fig. 5.29b showed significant amount of blocky regions. A
rough estimation suggests that the amount of blocky regions is much larger than
the retained austenite content measured with XRD (Table 5.7). Thus, EBSD was
used to study the changes in the retained austenite content with increasing holding
time at 525°C. EBSD phase maps of specimen T0.1 and T0.5 are shown in Figs.
5.30a and b, respectively.
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a) T0.1

b) T0.5

RA = 18 %

5 μm

RA = 11 %

5 μm
Martensite

Austenite

M7C3

Boundaries
10±180° bcc

Figure 5.30 EBSD phase map of specimens a) T0.1 and b) T0.5. Notice that the retained
austenite content was found to decrease with increasing time at holding temperature.

Notice that the retained austenite content decreased with increasing holding time,
but the amounts of blocky regions were the same in microstructures of specimens
tempered at 525°C for holding times of 0.1, 0.5, 1, 2 and 6 h (see representative
microstructure in Fig. 5.29b). Hence, a more detailed investigation was required
to further understand the blocky regions in tempered microstructures.
An EBSD band contrast map and an IPF map of martensite (where undissolved
carbides are shown in green) from the specimen T2 are presented in Figs. 5.31a
and b, respectively. The etched microstructure of the area of EBSD investigation
is presented in Fig. 5.31c. The blocky regions in the SEM micrograph are drawn
on the EBSD maps for a comparison and are labelled as: BR (Blocky Regions)
and TM (Tempered Martensite). Compare Figs. 5.31b and c to notice that both
labelled regions are martensite.
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Figure 5.31 EBSD micrographs from the specimen tempered at 525°C for 2 h. a) Band
contrast image b) IPF of martensite, where M7C3 carbides are shown in green c) etched
microstructure of the areas of EBSD investigation. Compare b and c to notice that BR
and TM regions are martensite. Compare a) and c) to notice that BR regions have a
lower Image Quality (IQ) and TM regions contain fine carbides and have a higher IQ.
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The microstructure of a specimen that was tempered for 10 h is shown in Fig.
5.32a. It shows carbides (light) in regions that were etched and some blocky
regions which were less etched. Notice that the blocky regions are less
pronounced than in microstructures aged for shorter times (compare with Fig.
5.29b). A higher magnification micrograph of the same region in Fig. 5.32b
revealed that the blocky regions contained very small carbides.
a) Tempered at 525°C (10h)

b) Tempered at 525°C (10h)

Blocky region
Carbides in etched region

Very small carbides

Blocky region

500 nm

5 μm

Figure 5.32 SEM micrographs of a specimen austenitised at 1050°C and tempered at
525°C for 10 h. a) Etched regions with carbides (light) and less etched blocky regions
appear. b) The blocky regions contained very small carbides as revealed at a higher
magnification. Images taken from [29].

5.3.3 Multiple tempering at 525°C
The double tempering treatments at 525°C of the specimen that were austenitised
at 1020°C, 1050°C or 1075°C resulted in contraction during the second tempering
(similar as during the first tempering at 525°C) as shown in Fig. 5.33. The
specimen austenitised at 1020°C had a contraction of approximately 0.001%. The
specimen that was austenitised at 1050°C showed a contraction of approximately
0.002% while the specimen austenitised at 1075°C had a contraction of
approximately 0.003%. These contractions are very small compared to the
contraction occurring during the first tempering treatment (compare with Fig.
5.26).
During cooling from the second tempering, there was detectable transformation
of retained austenite only for specimens that were austenitised at 1050°C or
1075°C. The measured Ms temperatures were 180°C for both specimens.
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Figure 5.33 Relative length change of specimens during the second tempering
treatment at 525°C. Notice that the contraction was lowest for the specimen
austenitised at 1020°C and highest for the specimen austenitised at 1075°C. Image
taken from [92].

The retained austenite content determined by XRD, after austenitisation at
1020°C, 1050°C or 1075°C and tempering one, two, and three times at 525°C (see
Table 4.6) is presented in Table 5.8. The first tempering treatment resulted in a
significant reduction of retained austenite (compare with XRD results in section
5.2.1). For example the as-quenched microstructure after austenitisation at
1050°C had 23% retained austenite which was lowered to 7% after the first
tempering. After a second tempering or a third tempering (only conducted for
austenitisation at 1050°C) less than 2% retained austenite remained.
Table 5.8 Retained austenite content for specimens that were austenitised at 1020°C,
1050°C or 1075°C after single, double and triple tempering treatment at 525°C.
First tempering
Sample
RA (vol. %)
T20x1
<2
T50x1
7
T75x1
12

Second tempering
Sample
RA (vol. %)
T20x2
<2
T50x2
<2
T75x2
<2
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Third tempering
Sample
RA (vol. %)
T50x3

<2
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a) T50x1
Blocky light regions
Carbides

Undissolved carbides

5 μm

b) T50x2

Carbides

Blocky regions

5 μm

c) T50x3

Carbides

5 μm
Figure 5.34 Microstructures after a) first, b) second and c) third tempering treatment at
525°C, where each tempering was of 2 h. All microstructures contain carbides in etched
areas. The fraction of blocky regions decreased significantly after the second tempering
and no blocky regions were found after the third tempering. Images taken from [92].
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The microstructure of the specimen austenitised at 1050°C and tempered once at
525°C is presented in Fig. 5.34a (see also Fig. 5.29b). The micrograph shows
undissolved carbides, precipitation of carbides in etched regions and less etched
blocky regions. The microstructure after the second tempering treatment is
presented in Fig. 5.34b. Notice that most of the microstructure shows areas that
contains carbides. However, there are a few regions that remained less etched and
appeared blocky as labelled in Fig. 5.34b. The microstructure after the third
tempering treatment is presented in Fig. 5.34c showing carbides in etched areas
and no blocky regions.

5.3.4 Double tempering at 200°C to 600°C
The amounts of retained austenite as a function of tempering temperature (2x2
h) for specimens austenitised at 1020°C, 1050°C, 1075°C and a specimen
austenitised at 1050°C and deep cooled to -196°C in liquid nitrogen are presented
in Fig. 5.35. The retained austenite content remained fairly stable for low
tempering temperatures (200-450°C). When tempered between 450-500°C there
was a reduction in the amount of retained austenite. The deep cooled specimen
had less than 2% retained austenite when tempered at 500°C. Tempering above
500°C resulted in less than 2% retained austenite in the microstructure for all
specimens. This region is marked with a rectangle in Fig. 5.35.

Figure 5.35 Fraction of retained austenite as a function of tempering temperature (2x2
h) for specimens that were austenitised at 1020°C, 1050°C or 1075°C as well as
specimen that was austenitised at 1050°C and deep cooled to -196°C (DCT). Notice
that the fraction of retained austenite becomes less than 2% for all specimens when
tempering above 500°C except for the deep cooled specimen, which had retained
austenite content of less than 2% also at 500°C. Image taken from [28].
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An optical micrograph of the specimen austenitised at 1075°C and tempered at
200°C for 2x2 h (see Table 4.5) is shown in Fig. 5.36a. The microstructure showed
undissolved carbides, blocky light regions and dark regions. A rough estimation
suggests that the amount of blocky regions in this microstructure is comparable
to the amounts of retained austenite measured with XRD (28 vol.%) but lower
than in the as-quenched microstructure (Fig. 5.5).
Furthermore, an EBSD phase map of the same specimen presented in Fig. 5.36b
showed large amounts of blocky retained austenite in the microstructure. Thus, it
was clear that the light blocky region in the optical micrograph were largely
retained austenite.
a) 1075°C, 200°C (2x2h)

b) 1075°C, 200°C (2x2h)

RA = 22.5 %

Undissolved carbide
Blocky light region

Dark region

20μm

20μm
Martensite

Austenite

M7C3

Boundaries
10±180° bcc

Figure 5.36 Microstructures of the specimen austenitised at 1075°C and tempered at
200°C for 2x2 h. a) Light optical micrograph showing significant amounts of blocky
light regions which were confirmed by b) EBSD phase map to be largely retained
austenite. Image a) taken from [28].

An optical micrograph of the specimen austenitised at 1075°C and tempered at
525°C, 2x2 h (refer Table 4.5) is shown in Fig. 5.37a. The microstructure showed
a typical tempered martensite structure with dark needles, undissolved carbides
but no blocky light regions in the microstructure. A higher magnification SEM
micrograph of the same specimen is presented in Fig. 5.37b, showing that the
martensitic microstructure contained small carbides (light).
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a) 1075°C, 525°C (2x2h)

b) 1075°C, 525°C (2x2h)

20μm

5 μm

Figure 5.37 Microstructures of the specimen austenitised at 1050°C and tempered at
525°C for 2x2 h. a) Light optical micrograph showing a typical tempered martensite
structure with no blocky regions. b) A higher magnification secondary electron SEM
micrograph reveals that there are small carbides (light) in a tempered martensitic
matrix. Images taken from [28].

5.3.5 Tempering at 600°C for 30 h
Relative length change as a function of time for a specimen that was austenitised
at 1050°C and tempered at 600°C during 30 h (refer Table 4.4) is shown in Fig.
5.38. The specimen contracted about 0.01% during approximately the first 2 h.
Afterwards, the specimen expanded until the end of tempering. The expansion
was 0.1%.
The specimen did not show any detectable martensitic transformation during
cooling after tempering at 600°C for 30 h. A measurement of this specimen with
XRD showed less than 2% retained austenite. This suggests that all retained
austenite was transformed during tempering.
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Figure 5.38 Relative length change as a function of time for a specimen austenitised at
1050°C when tempered at 600°C for 30 h. A contraction of 0.01% occurred during the
first 2 hours followed by 0.1% expansion until the end of tempering. Image taken from
[29].

The microstructure of the specimen tempered at 600°C for 30 h is shown in Fig.
5.39a. The microstructure contained undissolved carbides, etched areas with
dense precipitation of carbides and regions that appeared to be blocky but were
not very well defined. A higher magnification micrograph is presented in Fig.
5.39b showing that also the blocky regions contained carbides. The carbides in
the more heavily etched regions appeared light while the carbides in blocky
regions were grey.
a) Tempered at 600°C (30h)

b) Tempered at 600°C (30h)

Dense precipitation of carbides

Carbides (light)
Blocky region

Carbides (grey)
Undissolved carbides

5 μm

1 μm

Figure 5.39 SEM micrographs of specimen austenitised at 1050°C and tempered at
600°C for 30 h. a) The micrograph shows undissolved carbides, dense precipitation of
carbides in etched areas and regions having a blocky appearance. b) A higher
magnification reveals that the blocky regions contain carbides (grey). Images taken
from [29].
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5.4 Thermodynamic calculations
A carbon isopleth of calculated phase diagram for the composition of the
investigated steel for temperatures from 800°C to 1500°C is shown in Fig. 5.40.
The carbon content of the investigated steel is marked with a dashed line. The
marked points in the figure shows the critical range of temperature from 980°C
to 1080°C where austenite and M7C3 are the two stable phases. However, above
1080°C austenite is the only stable phase.

Figure 5.40 Carbon isopleth of the calculated equilibrium phase diagram of the
investigated steel. The dashed line represents the carbon content of the investigated
steel. Image taken from [28].

The calculated equilibrium composition of austenite at temperatures of 1020°C,
1050°C or 1075°C is presented in Table 5.9. Notice that austenitisation at higher
temperatures dissolves more carbide forming elements (C, Cr, Mo, and V) in
austenite.
Table 5.9 Calculated chemical composition of austenite (wt.%) at temperatures of
1020°C, 1050°C or 1075°C.
Ta (°C)
Caldie
1020
1050
1075

C
0.70
0.54
0.61
0.67

Cr
5.00
4.34
4.62
4.80

Mo
2.30
2.10
2.23
2.28
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V
0.50
0.33
0.40
0.46

Si
0.20
0.20
0.20
0.20

Mn
0.50
0.50
0.50
0.50

Fe
Bal.
Bal.
Bal.
Bal.
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The phase fractions of Caldie were estimated by the software JMatPro for the
process of hardening. The calculations of phase fraction in the microstructure
were performed by selecting an austenitisation temperature of 1050°C and by
selecting the fast (10°C/s) and the slower cooling (0.1°C/s) rates as variables. The
results from the calculations are presented in Table 5.10. The fast cooling is
predicted to produce 88% of martensite in the specimen with 12 % of retained
austenite whereas the slower cooling rate produces 32% bainite, 60% martensite
and 8% retained austenite.
Table 5.10 Volume fractions of bainite, martensite and retained austenite calculated
by JMatPro.
Ta
(°C)
1050
1050

Cooling rate
(°C/s)
10
0.1

Martensite
(Vol. %)
88
60

Bainite
(Vol. %)
32

RA
(Vol. %)
12
8

5.5 Mechanical properties
Cold work tool steels must have a good combination of hardness and compressive
strength to avoid plastic deformation of the tool. It is also important to ensure
sufficient impact toughness to minimise the risk of chipping or cracking. These
mechanical properties were therefore tested for Caldie. In some cases, hardness
and impact toughness were measured for as-quenched specimens while a large
part of mechanical testing was conducted for specimens in tempered condition
i.e. tempering twice at 200°C and 525°C. Some fracture surfaces after the impact
testing of un-notched specimens were also examined.

5.5.1 Hardness
5.5.1.1 As-quenched hardness
The hardness of the specimens in as-quenched condition was around 65 HRC
after austenitisation at 1020, 1050 or 1075°C and cooled with the traditional rate
of 0.1°C/s. The as-quenched hardness of specimens cooled with a faster rate
(10°C/s) was also around 65 HRC while the one that was slowly cooled had a bit
lower hardness of 63.6 HRC. The highest as-quenched hardness of 67.5 HRC was
found for the specimen austenitised at 1050°C and deep cooled in liquid nitrogen.
The hardness of specimens which were treated at 200°C for 2 hours during
interrupted quenching was 65 HRC, whereas for the specimen treated at 170°C
for 2 hours, it was 64 HRC.
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5.5.1.2 Hardness after double tempering
The hardness as a function of tempering temperatures for 2x2 h (see Table 4.5)
after austenitisation at 1020°C, 1050°C or 1075°C and for the specimen
austenitised at 1050°C and deep cooled to -196°C is presented in Fig. 5.41.

Figure 5.41 Hardness as a function of tempering temperature (2x2 h) for specimens
that were austenitised at 1020°C, 1050°C or 1075°C and for the specimen austenitised
at 1050°C and deep cooled in liquid nitrogen. The secondary hardening peak was
located at 500°C for specimens austenitised at 1020°C or 1050°C and the deep cooled
specimen while specimens austenitised at 1075°C had similar hardness at 500°C and
525°C. Image taken from [28].

The deep cooled specimen had the highest hardness of 63.8 HRC when tempered
at 200°C. Tempering between temperatures of 250°C to 500°C resulted in a small
drop in hardness but was between 60-61 HRC. This hardness was much higher
compared to the specimens that were cooled to room temperature. The secondary
hardening effect was very small for the deep cooled specimen when tempering at
500°C. The secondary hardness was 61 HRC which was almost the same hardness
as when the steel was tempered at 250°C. Tempering above 500°C to 600°C
resulted in a hardness below 61 HRC and the lowest hardness of 54 HRC at
600°C.
The hardness showed similar trends for specimens that were austenitised and
cooled to room temperature. Hardness was around 60 HRC when the steel was
tempered at 200°C. Tempering at temperatures between 250°C to 450°C, resulted
in a lower hardness of about 56-59 HRC. The hardness reached a maximum
(secondary hardening peak) when tempering at 500°C for specimens austenitised
at temperatures of 1020°C and 1050°C. The specimens austenitised at 1075°C
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showed the same hardness of 62 HRC when tempered at 500°C or 525°C. It can
be noticed that the highest hardness at secondary hardening peak was seen for
specimens austenitised at 1075°C and the lowest hardness for the specimens
austenitised at 1020°C. The secondary hardening effect was lowest for the deep
cooled specimen. A scatter in the hardness measurement only for the specimen
austenitised at 1075°C was noticed in the range of tempering temperature from
500 to 525°C.
Tempering at temperatures above 525°C resulted in lowering of the hardness for
all austenitisation temperatures. When comparing hardness of specimens
austenitised at different temperatures, it was noticed that the specimens
austenitised at 1075°C had the lowest hardness below 500°C and the highest
hardness above.
The hardness of the rapidly cooled (10°C/s) specimen after tempering at 525°C
(2x2 h) was 61.8 HRC. This hardness was higher than for the slowly cooled
specimen (0.1°C/s) after tempering at 525°C (2x2 h) i.e. 61 HRC. The hardness
of specimen isothermally treated at 200°C for 2h and tempered at 525°C (2x1 h)
was 61.8 HRC. This hardness value was roughly the same as for the specimen
isothermally treated at 170°C for 2 h after tempering (2x1 h), i.e. 61.5 HRC.

5.5.2 Compressive strength
Results from uniaxial compression testing of specimens austenitised at different
temperatures and cooled with traditional rate of 1°C/s, after tempering for 2x2 h
(see Table 4.5), are presented in Table 5.11. Notice that, for all austenitisation
temperatures, the compressive yield strengths were highest (around 2300 MPa)
for the specimens tempered at 525°C and lowest when tempering at 200°C (21921852 MPa). Austenitisation at higher temperatures resulted in a lower
compressive yield strength when tempering at 200°C.
Table 5.11 Compressive yield strength for specimens that were austenitised at
1020°C, 1050°C and 1075°C and tempered at 200°C and 525°C.
Austenitisation
temperature
(˚C)
1020
1050
1075

Tempering
temperature
(˚C)
200

Compressive yield
strength
(MPa)
2192 ± 12

525
200
525
200

2319 ± 9
2041 ± 15
2337 ± 10
1852 ± 33

525

2299 ± 5
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5.5.3 Impact toughness
The results from the un-notched impact testing of specimens that were
austenitised at different temperatures and traditionally cooled (1°C/s) to room
temperature or deep cooled and tempered for 2x2 h (see Table 4.5) are shown in
Table 5.12. Austenitisation at a higher temperature reduced the impact toughness.
It was also noticed that the impact energies for specimens tempered at 200°C
were higher compared to impact energies after tempering at 525°C. This
behaviour was opposite for the deep cooled specimen where the impact energy
was higher for the specimen tempered at 525°C than at 200°C.
Table 5.12 Un-notched impact energies of specimens that were austenitised at
1020°C, 1050°C or 1075°C and tempered at 200°C or 525°C for 2x2 h.
Austenitisation
temperature
(˚C)
1020
1050
1075
1050 (DCT)

Tempering
temperature
(˚C)
200
525
200
525
200
525
200
525

Un-notched
impact energy
(J)
156 ± 20
128 ± 20
131 ± 18
76 ± 14
37 ± 5
21 ± 2
37 ± 5
99 ± 15

The results from the Charpy impact testing of un-notched and V-notched
specimens that were austenitised at 1050°C, tempered for one, two and three
times (see Table 4.6) are presented in Fig. 5.42. The un-notched impact energy of
the specimens were lowest (60 J) after the first tempering treatment. There was
an increase in the impact energy after the second tempering (75 J). However, the
difference in the impact energy after the second and third tempering was very
small.
Charpy impact energy of V-notched specimens did not show any significant
changes with the number of tempering treatments. The only prominent difference
is that the impact energies showed less scatter after the third tempering.
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Figure 5.42 Charpy un-notched and V-notched impact testing of specimens that were
austenitised at 1050°C and tempered one, two or three times at 525°C, each tempering
was for 2 h. The un-notched impact energies after two or three tempering treatments
were higher than after tempering one time. Image taken from [92].

The results from the Charpy un-notched impact testing of the rapid and slowly
cooled specimens after hardening as well as tempering at 525°C (2x2 h) are
presented in Fig. 5.43. The un-notched impact energy of the fast cooled specimen
after hardening was lower than the slowly cooled specimen. After tempering at
525°C (2x2 h), the fast cooled specimen had a higher impact energy (around 100
J) than the slowly cooled specimen (around 55 J).

Figure 5.43 Impact energy absorbed by specimens in as-cooled as well as tempered
condition after the un-notched impact testing of specimens that were austenitised at
1050°C and rapidly or slowly cooled. The highest impact energy of 100 J was obtained
for the fast cooled specimen after tempering at 525°C (2x2 h). (FCT is Fast Cooled and
Tempered and SCT is Slow Cooled and Tempered).

The results from the Charpy impact testing of un-notched specimens that were
isothermally treated by interrupting the cooling and tempered at 525°C (2x1 h) is
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presented in Fig. 5.44. The impact energies absorbed by the specimens
isothermally treated at 200°C or 170°C for 2 hours were almost identical. After
tempering, the specimen ICT200°Cx2h absorbed the highest impact energy
compared to the un-tempered specimens or the specimen ICT170°Cx2h.

Figure 5.44 Impact energies of the un-notched specimens which were interrupted
during cooling with an isothermal treatment and tempered at 525°C (2x1 h). Notice that
the specimens after tempering absorbed higher impact energies than in hardened
condition. The specimen isothermally treated at 200°C for 2 h and tempered at 525°C
absorbed the highest impact energy.

5.5.3.1 Fractography
Macrographs of fractured specimens after un-notched impact testing of tempered
specimens (2x2 h, see Table 4.5) are shown in Fig. 5.45. It was evident from the
uneven fracture surfaces of specimens austenitised at 1020°C and 1050°C (see
Figs. 5.45a, b, c and d) that they had absorbed more impact energy than specimens
austenitised at 1075°C, having flatter fracture surfaces (Figs. 5.45e and f).
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Impact energy = 156 J

Impact energy = 128 J

Impact energy = 131 J

Impact energy = 76 J

Impact energy = 37 J

Impact energy = 21 J

Figure 5.45 Fracture surfaces after un-notched impact testing a), b), c) and d) absorbed
higher impact energies while e) and f) absorbed lower impact energies with flatter
fracture surfaces indicating a less ductile fracture. Images taken from [28].

Examples of fracture surfaces after the un-notched impact testing, specimens that
absorbed high impact energy and low impact energy are presented in Fig. 5.46.
The fracture surfaces that absorbed high impact energy had signs of multiple
secondary crack initiations (Fig. 5.46a). However, specimens that absorbed lower
impact energies had a flatter surface and with what appeared to be a single point
crack initiation.
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Impact
Secondary crack
initiation

Impact
Crack initiation

Crack propagation

Impact

Impact

a) High impact energy (156 J)

b) Low impact energy (37 J)

Figure 5.46 Fracture surfaces from un-notched impact specimens. The fracture that
absorbed: (a) high impact energy with secondary crack initiations and (b) low impact
energy showing single point crack initiation.
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6 Discussion
The aim of this thesis is to understand the effects of heat treatment parameters
on the microstructure and properties of a 5 wt.% Cr cold work tool steel. Thus,
the work includes studies of different austenitisation temperatures, cooling rates
and various tempering treatments on microstructure. In particular much focus
was on studying retained austenite transformation during tempering treatments.
Some mechanical tests have been performed as well, but most of the results
concern microstructural examination.
The quantification and characterisation of retained austenite in the
microstructures was a vital part of this work. Therefore, the first sub-chapter will
start by discussing the techniques that were used to measure retained austenite
content. It also highlights some issues concerning the specimen preparation for
retained austenite measurement. This is followed by a detailed discussion on
understanding the microstructures resulting from different heat treatments. The
intention is to find how the microstructural features should be interpreted, which
is necessary to understand the evolution of the microstructure during different
hardening and tempering treatments.
Afterwards, the influences of temperatures and holding times on kinetics of
retained austenite transformation are discussed. Bainite formation is discussed in
a separate sub-chapter where the microstructure and kinetics of formation are
evaluated. The influence of microstructure on mechanical properties like
hardness, compressive strength and impact toughness are discussed. Finally, the
last sub-chapter sheds light on the significance of this work and discuss the
possibilities of alternative heat treatments for the studied steel Caldie.

6.1

Measurement of retained austenite

In the following paragraphs, two main aspects of retained austenite measurements
are discussed. Firstly, a loss of retained austenite was observed by XRD after
saving the tempered specimen for 2 months. Secondly, surface preparation was
found to have a significant effect on retained austenite content measured by
EBSD. Finally, the results from the measurements of retained austenite content
by XRD and EBSD are compared and discussed in detail.
XRD is the most commonly used technique for the measurement of retained
austenite [89]. As for metallographic investigations, the specimen preparation for
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XRD is well defined by ASTM standards [93]. A critical aspect of surface
preparation related to the loss of retained austenite was apparent in the XRD
results, i.e. the retained austenite content measured on old surfaces (prepared and
saved for 2 months) was lower than for freshly prepared ones (see Fig. 5.1). It
was only retained austenite at the surface that was lowered as the re-grinding and
electro-polishing of the old surface provided the same content as before saving
the specimens for 2 months (see Fig. 5.1). The loss of retained austenite in
specimens is not a new phenomenon and is generally regarded to be due to the
metastable nature of retained austenite. In 1934, G.A. Ellinger et al. [94] reported
for a 0.8 wt.% carbon steel that a significant loss of retained austenite occurred in
a specimen that was held at room temperature for 2 years.
Austenite transformation to martensite is accompanied by a volume expansion.
This suggests that the austenite which is retained in a mainly martensitic
microstructure requires a certain relaxation to be able to transform into
martensite. For example, it is reported in [95, 96] that a hydrostatic compressive
state of stress stabilises austenite with respect to its transformation to martensite.
Tempering on the other hand forms fine carbides in martensite and reduced its
carbon content [97]. This is associated with a volume contraction of the
martensite and according to reference [98] reduces the pressure on the retained
austenite. A very local redistribution of carbon in martensite at for example
dislocations and interfaces, is possible also at room temperature [99]. This is
supported by calculations made assuming that the diffusion rate of carbon in αFe is similar to that in α’-Fe using data from Table 2.5, the diffusion length of
carbon atoms in α’-Fe at room temperature was estimated to about 0.23 µm in
two months. This seems likely to allow sufficient relaxation of stresses to permit
further formation of martensite. The change in amount of retained austenite while
holding at room temperature can therefore be explained as follows.
Tempering at 525°C for 0.5 or 1 h will efficiently temper and relax stresses in the
existing martensite. However, cooling after tempering caused significant amounts
of retained austenite to transform to martensite (see a detailed discussed in section
6.3.3.1). This freshly formed martensite can then relax while kept at room
temperature and permit some of the retained austenite to transform. The amount
of room temperature transformation will then depend on the amount of freshly
formed martensite provided enough retained austenite remains in the
microstructure. The scenario was quite different for the specimen tempered at
525°C only for 0.1 h showing the largest change in retained austenite content. In
this case very little fresh martensite was formed on cooling. However, the
martensite formed during hardening was little tempered at 525°C and the
remaining stress levels were therefore high. While keeping at room temperature,
it is therefore likely that both the “old” and the fresh martensite relaxed, at the
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same time there was plenty of retained austenite, making it possible for significant
transformation to occur.
The effect of specimen preparation on retained austenite content was profound
in EBSD specimens when polished with OPU (Fig. 5.2a), i.e. a very small amount
of retained austenite was measured. The optimisation of specimen preparation for
measurement of retained austenite by XRD was investigated in [100]. It was
concluded that the depth of induced strain during polishing depends on the grain
size of the medium. Even polishing with a 1 µm medium induces strain in the
specimen, thereby transforming austenite to martensite at the surface [100].
However, the selection of applied force during polishing is also an important
factor. OPU is a suspension of colloidal silica with 0.04 µm size media and the
polishing steps during this work were made with extreme care by selecting a
minimum force. However, even this combination of grit size and force obviously
was not enough to fully avoid deformation resulting in transformation of retained
austenite at the surface. On the other hand, electro-polishing of the EBSD
specimens successfully removed the mechanically deformed surface layer formed
by mechanical polishing, and a higher amount of retained austenite was observed
(see Fig. 5.2b).
A comparison of retained austenite contents measured by XRD and EBSD in this
work is shown in Fig. 6.1. A maximum difference of 8 vol.% and a minimum of
1 vol.% was observed. Moreover, the retained austenite content measured with
EBSD in all cases was lower than the XRD results in line with literature [101, 102,
103, 104, 105]. For example, reference [104] reports differences of maximum of
10.9 vol.% and a minimum of 2 vol.% in retained austenite content when
measured by EBSD and XRD.
Microstructural observations of retained austenite can be difficult particularly if
the retained austenite is available in low concentrations [65]. It is known that the
retained austenite in low carbon steels is present as thin films [106] found between
the laths or packets of martensite or bainite [106, 107]. For a medium carbon steel,
both lath and blocky retained austenite are present in the microstructure. M. Yaso
et.al. [103] characterised the blocky retained austenite by EBSD and thin films of
retained austenite by TEM for 12 wt.% Cr and 8 wt.% Cr alloy steels. They
concluded that one technique alone is not enough to fully quantify the retained
austenite content when compared with XRD results.
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Figure 6.1 A comparison of retained austenite content measured by XRD and EBSD.
The dashed line shows a maximum difference of 8% and a minimum of 1% in retained
austenite content measured by the two techniques on freshly prepared surfaces.

It is known that the spatial resolution of EBSD depends on the selection of
accelerating voltage and step size. In this work, a step size of 50 nm and an
accelerating voltage of 20 kV were used. It is therefore unlikely that the smallest
austenite laths with widths in the range of 20-100 nm observed with TEM [108,
109, 110], can be resolved by EBSD. However, they should be detectable with
XRD [102].
Furthermore, EBSD is performed at high tilt (typically 70°) due to which the
interaction volume of the diffracted electron gets relatively smaller [111]. It is
reported in reference [101] that the depth of diffracted electrons in EBSD is
approximately 50 nm. Therefore, EBSD is a more surface sensitive technique than
XRD which has an analysis depth of a few micrometres [101]. It is also mentioned
in references [101, 112] that parts of surface retained austenite are expected to
have already relaxed due to the presence of a free surface, which would influence
the measurements of retained austenite more for EBSD than for XRD.
Therefore, it was concluded that an accurate measurement of retained austenite
content depends on the selection of the technique and the surface preparation of
the specimen. Furthermore, the difference in measured retained austenite content
between EBSD and XRD is due to the difference in size of retained austenite, the
spatial resolution, as well as measurement depth of the techniques.
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6.2 Microstructural interpretations
The understanding of a microstructure depends on a reliable interpretation of the
observed features. The microstructure of the specimens which were austenitised
at different temperatures, traditionally or rapidly cooled and later tempered,
consisted of varying proportions of dark as well as light etched regions as seen in
light optical (see Fig. 5.5) as well as SEM micrographs (see Figs. 5.10a and b). The
dark regions were interconnected, while the light etching regions appeared as
blocky islands, having an angular shape. A persistent problem was the
interpretation of the light blocky structures, which appeared in most of the
microstructures irrespective of the tempering conditions. Therefore,
microstructures were evaluated and compared with results of XRD and in some
cases with EBSD results to interpret the microstructural features (summarised in
Table 6.2). The occurrence and appearance of bainite in these specimens are
discussed in a separate sub-chapter (see section 6.6).

6.2.1 Hardened microstructure
6.2.1.1 Etched regions
It is known that the carbon content of Fe-C alloys has a strong effect on the
morphology of hardened martensite, for instance there is a morphological change
of the martensite from lath martensite at low carbon contents to plate martensite
at high carbon contents [113]. Maki [114] has emphasized that the substructure
of martensite in medium carbon steel is complicated. It consists of both lath and
plate martensite, in line with TEM investigations of Caldie (Fig. 5.6) and literature
[30, 44]. It is also reported for 12 and 8 wt.% Cr steels [106] that a higher
austenitisation temperature produces more plate than lath martensite in hardened
specimens. The microstructure of specimens which were rapidly or traditionally
cooled after austenitisation at 1020°C, 1050°C or 1075°C contained dark etching
regions, which were interpreted as martensite (the possible occurrence of bainite
will be discussed separately in section 6.6). This interpretation was based on
comparisons of the dark regions in the hardened microstructure with tempered
ones, i.e. the dark regions showed precipitation of carbides after tempering. It was
further confirmed with EBSD investigations (see Fig. 5.8) that the dark regions
were martensite.
6.2.1.2 Blocky regions
It is commonly observed that retained austenite in steel appears as a white etching
phase [65]. This has been observed in as-hot rolled, as-carburised steels and steels
that have been heat treated to form martensite [65]. Therefore, intuition would
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suggest that the blocky regions in the hardened light optical as well as SEM
micrographs of Caldie were retained austenite. However, this was not always the
case, as an estimation of the fraction of blocky regions in the hardened
microstructure was higher than the retained austenite content measured by XRD
(compare Fig. 5.5 and section 5.2.1). EBSD studies showed that the blocky
regions consisted of different constituents. A large part of the blocky regions was
retained austenite, some parts were a mixture of martensite and a small fraction
of retained austenite and some were martensite with different orientations (Fig.
5.8). The fact that some were mixtures of martensite and austenite may be why
several authors referred to the blocky regions as M/A blocks [103, 106, 115]
although this terminology is more frequently used for bainitic steels. The
occurrence of blocky martensitic regions was unexpected. A possible explanation
is, as reported by V. Voort et al. [116], that the Nital dissolution rate is a function
of crystal orientation [65, 117]. This implies that the martensite etched depending
on its orientation [116] and possibly morphology.
Hence, in the hardened microstructure, the dark regions were martensite and the
blocky regions were found to be retained austenite (most common), martensite
and retained austenite or only martensite.

6.2.2 Tempered at 200°C for 2x2 h
The microstructure of the specimen tempered at 200°C (2x2 h) showed dark
etching and light etched blocky regions in light optical micrograph (Fig. 5.36a).
The dark regions were tempered martensite which precipitated carbides during
tempering and were easily etched. However, the amount of blocky regions were
less than in the hardened microstructure but agreed with the retained austenite
content measured by XRD (see section 5.2.1). Moreover, no retained austenite
transformation occurred after tempering at 200°C for 2x2 h (compare sections
5.2.1 and 5.34). The blocky regions were therefore interpreted as retained
austenite, which was confirmed with EBSD (Fig. 5.32b). Moreover, calculations
presented in Table 2.5 show that at 200°C, the diffusion length of a carbon atom
in γ-Fe is 0.38 µm in 4 h. This suggests a possibility for a local redistribution of
carbon in retained austenite (γ-Fe). Fine carbides might possibly also form
although these would be too small to be detected by SEM.

6.2.3 Tempered at 525°C
6.2.3.1 Etched regions
The specimens tempered at 525°C for 0.1, 0.5, 1 or 2 h showed microstructures
that contained more dark regions and less blocky light regions in SEM
micrographs compared to the microstructure of hardened specimens. The dark
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regions were tempered martensite since a large number of fine carbides were
present (compare Figs. 5.29a and b).
6.2.3.2 Blocky regions
XRD result of specimens tempered at 525°C from 0.1 to 2 h showed that the
retained austenite fraction decreased with longer holding times (Table 5.7). A
similar trend was observed by EBSD when comparing specimens T0.1 and T0.5
(Fig. 5.30). However, the SEM micrographs of tempered specimens (tempered
0.1-2 h) all had similar amounts of blocky regions exemplified by the
representative micrograph of T2 in Fig. 5.29b. Thus, it was necessary to estimate
the amount of fresh martensite for the tempered specimens which was calculated
as a difference in retained austenite content between the hardened and tempered
specimen. These results are presented in Table 6.1
Table 6.1 Volume percent of Retained Austenite (RA), Fresh and Tempered
Martensite (FM and TM) as well as Bainite and Tempered Baintie (B and TB) in the
hardened and tempered specimens after tempering at 525°C.
Heat treatment
Hardened
Single tempering
Single tempering
Single tempering
Single tempering
Double tempering

Q50
T0.1
T0.5
T1
T2
T2x2

FM + B
(vol.%)
76
-

RA
(vol.%)
24
22
17
12
5
-

TM+TB
(vol.%)
76
76
76
76
95

FM
(vol.%)
2
7
12
19
5

Notice that 2% of retained austenite transformed into fresh martensite during
cooling after tempering for 0.1 h and 19% after tempering for 2 h (Table 6.1).
Thus, it is likely that the SEM micrographs of specimens tempered for 0.1 and
0.5 h showed blocky regions, out of which more were retained austenite and less
were fresh martensite.
A more detailed investigation with EBSD of specimen T2 provided evidence that
helped to interpret the blocky regions (Fig. 5.31). An EBSD band contrast map is
an Image Quality (IQ) map where the blocky regions appeared dark meaning a
low IQ. The low image quality is due to a higher density of lattice imperfections
such as dislocations [118, 119], which is typical for martensite. These regions are
thus interpreted as being fresh martensite formed during cooling after tempering
for 2 h. Moreover, TM regions contained carbides (Fig. 5.31c) and represent areas
with light contrast (i.e. higher IQ in Fig. 5.31a). Tempering of martensite causes
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a decrease in the carbon content of martensite as a consequence of precipitation
of carbides. This may also lead to a reduction in dislocation density of martensite
due to annihilation of dislocations. These regions therefore contained less lattice
imperfections and a higher IQ and were interpreted as tempered martensite [118].
The EBSD results thus further justifies the assumption that the blocky regions in
the specimen tempered for 2 h, were largely fresh martensite formed on cooling
after tempering.
Thus, it is concluded that the SEM micrographs of specimens tempered for 0.1
and 0.5 h contained blocky regions, out of which more were retained austenite
and less were fresh martensite. This was opposite to the microstructure of
specimens tempered for 1 or 2 h, i.e. more blocky regions were fresh martensite
and less were retained austenite.

6.2.4 Tempered at 525°C for 2x2 h
After double tempering treatments at 525°C for 2+2 hours, the microstructure
only consisted of dark etched areas with fine carbides (Fig. 5.37b). The angular
features in the microstructure were more or less gone. The few remaining blocky
regions were interpreted as fresh martensite (see Table 6.1 and Fig. 5.34b) which
was formed on cooling after the second tempering. Tempering of martensite
above 500°C in medium carbon steels brings precipitation of carbides in
martensite. These are usually cementite [30, 55], however for tool steels
containing Cr, Mo and V, nano-sized tempering MC and M2C carbides are also
precipitated [30, 32, 55]. The nano-sized carbides are very important as they
contribute to the secondary hardening but were not investigated in this study.
However, the SEM micrograph clearly displays precipitation of carbides likely to
be cementite (light imaging) in dark etched areas (Fig. 5.37b).
It was seen that the interpretation of essentially blocky regions changed according
to the tempering treatment of specimens. A summary of the microstructural
evaluation after varying tempering treatments is presented in Table 6.2. The
etched regions containing carbides in tempered specimens were interpreted as
tempered martensite or tempered bainite while the blocky regions were
interpreted as retained austenite, fresh martensite or retained austenite mixed with
martensite.
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Table 6.2 Summary of important microstructural observations and their
interpretations. (FM is Fresh Martensite, B is Bainite, RA is Retained Austenite, TM is
Tempered martensite and TB is Tempered Bainite).
Heat treatments

Microstructural observations by SEM

Interpretation

Hardened
(Q50)

Etched regions with no carbides
Blocky regions
Etched region containing carbides

FM
RA, FM, FM+RA
TM+TB

Blocky regions
Etched region containing carbides
Blocky regions

RA
TM+TB
More were RA,
less were FM

Tempering
at 525°C
(1- 2 h)

Etched region containing carbides

TM+TB

Blocky regions

Tempered
at 525°C
(2x2 h)

Etched region containing carbides
Blocky regions

More were FM,
less were RA
TM+TB
FM

Tempered at
200°C (2x2 h)
Tempering
at 525°C
(0.1- 0.5 h)

6.3 Retained austenite transformation
Tempering is the final heat treatment of a tool. Therefore, it is important that the
tool attains an appropriate microstructure and desired mechanical properties. One
important aspect is the presence of retained austenite in the hardened
microstructure. It is known that retained austenite in hardened steels can
transform during tempering treatments or the associated cooling. The
temperature and times at which retained austenite starts to transform is dependent
on its composition. Thus it was necessary to investigate the change in
composition of retained austenite by using empirical equations. The first subchapter therefore presents relevant equations for calculation of Ms temperatures
from literature and to validate the use of these equations for Caldie.
It is followed by discussing retained austenite transformation when the steel was
tempered non-isothermally or isothermally. The isothermal tempering treatments
are discussed in detail to understand how the temperature and variations in
holding time effect retained austenite transformation.
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6.3.1 Ms temperature
Numerous empirical equations can be found in literature to predict the Ms
temperature for a variety of steels. A well-known equation in this context was
suggested by Krauss [120] and is given below.
Ms (°C)= 561 – 474 C – 33 Mn – 17 Cr– 17 Ni – 21 Mo (wt.%)

Eq. ii

Another equation that is commonly noticed in literature for tool steels is given by
Andrew [121] in 1965 as:
Ms (°C) = 539 – 423 C – 30.4 Mn – 17.7 Ni – 12.1 Cr – 11.0 Si – 7.0 Mo (wt.%)

Eq. iii

This equation is valid for steels containing less than 0.6 wt.% C, 4.9 wt.% Mn, 5.0
wt.% Cr, 5.0 wt.% Ni and 5.4 wt.% Mo [121].
Notice that Eq. ii does not include a term for silicon content and neither include
a term for vanadium content and therefore don’t quite cover the composition of
the investigated steel (compare with Table 4.1). However, these equations were
the closest in chemical composition of the investigated steel found in literature.
The compositions of austenite at 1020, 1050 and 1075°C were calculated by
Thermo-Calc (Table 5.9) and were used in Eq. ii and iii to calculate the Ms
temperature. The calculated Ms temperatures are compared with the measured
Ms temperatures in Fig. 6.2.

Figure 6.2 Measured and calculated Ms temperatures as a function of austenitisation
temperature. The observed and predicted Ms temperatures decreased with increasing
austenitisation temperature.
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It was noticed in Fig. 6.2 that the measured Ms temperatures lies in between the
calculated Ms temperatures by Eq. ii and iii. For temperatures 1020 or 1050°C,
the calculated Ms temperatures by Eq. ii are close to measured Ms. On the other
hand, the calculated Ms temperature at 1075°C by Eq. iii is closer to the measured
Ms than that calculated by Eq. ii.
There are several reasons for the difference between calculated and measured Ms.
It is well known that Ms temperature is a function of content of alloying element
in austenite and none of the equation uses all the alloying elements of the given
steel. Further, the equilibrium chemical composition of austenite was used in
these equations, whereas in reality the equilibrium may not be reached. ThermoCalc calculations predicted that all M7C3 carbides would dissolve at 1080°C. It
was therefore expected that the microstructure of specimen Q75 austenitised at
1075°C still showed some M7C3 carbides. Approximations can be further used to
evaluate how far the specimen Q75 is from equilibrium. Using diffusion data from
Table 2.5 for a time of 30 minutes, the diffusion length for carbon in γ-Fe was
estimated to 309 µm. Thus the carbon redistribution in austenite is fairly quick at
these temperatures. However, the diffusion lengths of Fe and Cr atoms in γ-Fe
were estimated to 1.18 µm and 3.23 µm, respectively. These diffusion lengths are
of the same order as the size of M7C3 carbides suggesting that a much longer time
is required at the austenitisation to reach equilibrium.
It was also noticed that the calculated Ms temperatures followed a linear
relationship with increasing austenitisation temperature. This behaviour is
different from the measured values of Ms temperature (see Fig. 6.2), most
probably because the equations does not include a factor for prior austenite grain
size, which is expected to influence the Ms temperature [122] and was larger at
1075°C than at 1020°C and 1050°C. However, the most important observation is
that both experimental and calculated Ms temperatures decreased with increasing
austenitisation temperature.
None of the two equations predicts Ms temperatures very precisely for Caldie.
However, equation ii includes most of the alloying elements of the investigated
steel and shows the best agreement with experiments for the highest
austenitisation temperature. It was therefore decided to use this equation for
further calculations.

6.3.2 Continuous heating treatment
Tempering of different steels during continuous heating is described in literature
[11, 30, 72, 75, 123, 124]. This information will be used in the following
paragraphs to explain the length change during heating of Caldie. It is important
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to mention that the temperature ranges mentioned below are approximates and
can vary according to the steel type, microstructure and heating rates.
The initial decrease in the rate of length change from room temperature to 180°C
(Fig. 5.24) was in line with literature [11, 75]. It was due to the segregation of
carbon atoms to lattice defects and the formation of clusters of carbon. Literature
also suggests that the first increase in the rate of length change from 180-220°C
was caused by precipitation of ε/η transition carbides in martensite [11, 75]. The
following decrease in the rate of length change from 220 to 280°C was due to
formation of cementite from the transition carbides in martensite [72, 73, 75].
Above 280°C, the specimen expands gradually to 650°C.
Literature suggests that retained austenite can transform during tempering to
ferrite and carbides [71, 72, 75] or lower bainite [11, 30, 115] in the temperature
range of 200°C to 350°C [75, 124] or to 450°C [71], depending on the steel type.
When the length change of Caldie in the temperature range of 220-350°C (Fig.
5.24) is compared with literature, it appears that a peak stemming from retained
austenite transformation was not visible even though the specimens that were
cooled to room temperature or deep cooled contained 24% and 8% of retained
austenite, respectively. It is reported in a dilatometry study [66] that the peak
corresponding to retained austenite transformation should be more pronounced
for a larger amount of retained austenite but no noticeable difference in the trend
of length changes for the two specimens was observed. This suggests that retained
austenite did not transform during heating, which was in agreement with XRD
results, i.e. the retained austenite content was fairly stable after tempering for 2x2
h at temperatures from 200-450°C.
A large expansion for the room cooled and a smaller expansion for the deep
cooled specimens were observed on cooling after the heating treatment. This was
retained austenite transforming to martensite and is in line with reference [70].
The Ms and Mf temperatures for both specimens were quite high which shows
that the retained austenite precipitated carbides during the heating by which its
carbon content was lowered and high Ms and Mf were observed.

6.3.3 Retained austenite transformation to martensite
6.3.3.1 Single tempering treatments
Dilatometry experiments simulating single tempering treatments at 525°C with
variation in holding time (0.1 to 10 h) showed contraction of specimens during
the holding time (see section 5.3.2). This was due to the precipitation of carbides
that occurred in the martensite, bainite and probably retained austenite [70, 125].
Bainitic ferrite contains only a slight excess of carbon in solution. Thus, a
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significant contribution to contraction of the specimen is not expected from
bainite during tempering [9]. Furthermore, a slower rate of carbide precipitation
is expected in retained austenite than in martensite because of the lower diffusion
rates (see Table 2.5). At 500°C, the approximate diffusion length of carbon atoms
in γ-Fe is 30 times smaller than in α’-Fe. Moreover, the estimated diffusion length
of Fe atoms in α’-Fe at 500°C is on the order of a few nm which suggests that
the substitutional diffusion of alloying elements would be insignificant. Thus, the
major contribution to contraction of the specimen was from tempering of
martensite. Microscopy indeed showed precipitation of carbides (smaller than 0.5
µm) in martensite in the microstructure of the specimen tempered for 2 h (Fig.
5.29b). Any precipitated carbides in retained austenite were too small to be
revealed by SEM in the microstructures for short holding times. However, it can
be concluded from literature that the precipitation of carbides in retained
austenite can occur fairly quickly. For example, for a hot work tool steel, it was
reported [126] that the formation of carbides in retained austenite starts already
when heating to the tempering temperature. Kulmberg et al. [79] reported, for a
high speed steel, that carbides form in retained austenite during tempering, and
on cooling the retained austenite transforms to martensite. Most of the literature
claim the precipitates to be cementite [70, 71, 75] while reference [76] reports
precipitation of alloy carbides. Which carbide that will form depends on the
composition of the steels investigated. Consequently, precipitation of alloy
carbides can be expected in a tool steel as reported in [76]. The precipitation of
carbides progresses with increasing tempering time and makes the retained
austenite increasingly unstable permitting martensite transformation to occur on
cooling.
Longer holding times resulted in higher Ms temperatures (Table 5.6) and a lower
lattice parameter for the retained austenite (Table 5.7). This is in line with earlier
observations as reported for example in [76] for Ms temperatures and in [127] for
lattice parameters. This provides an opportunity to investigate the changes in the
composition of the retained austenite occurring during tempering.
The carbon content of the retained austenite was calculated from Eq. iii [121] by
using the measured Ms temperatures (Table 5.6) and the calculated equilibrium
content (wt.%) of substitutional element of austenite at 1050°C (Table 5.9).
Carbon content of retained austenite was also calculated from the lattice
parameters of the retained austenite. Early relationships developed to relate the
lattice parameter of retained austenite and its carbon content [128, 129] did not
include the effect of substitutional alloying elements. However, a modified
equation that includes the main alloying elements of the studied steel was used
and is presented as Eq. iv [130]. The austenite composition calculated by ThermoCalc (Table 5.9) was used also in Eq. iv.
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aγ (Å) = 3.573+0.033Cγ+0.00095Mn-0.0002Ni+0.0006Cr+0.0031Mo+0.0018V (wt.%)

Eq. iv

The carbon contents of retained austenite calculated with Thermo-Calc and Eq.
iii and Eq. iv were plotted against holding time at 525°C and is presented in Fig.
6.3.

Figure 6.3 Calculated carbon content of retained austenite as a function of holding time
at 525°C. The carbon content was calculated with Thermo-Calc, from Ms temperatures
and from lattice parameters. The calculated carbon content decreased with longer
holding times. Image taken from [29].

The trends are very similar for the two curves showing an initial increase
(discussed later) followed by a decrease for longer holding times. It can be noticed
that the Thermo-Calc calculation (0.61% C, Table 5.9) is located between the two
curves and very close to the value calculated from lattice parameter measurements
of hardened specimen (0.58 C, Fig. 6.3). Although there is some difference
between the two curves, it was assumed that the trends rather than absolute values
are important for understanding the retained austenite transformation. Hence, the
increase in Ms temperature and the decrease in lattice parameter for longer aging
times is associated with depletion of carbon in retained austenite due to
precipitation of carbides. This conclusion is supported by the observation of
precipitation of very small carbides in the blocky regions in the microstructure
after tempering for 10 h (Fig. 5.32b).
The decrease in Ms temperatures (Table 5.6) and the accompanying increase of
lattice parameter (Table 5.7) for the shortest aging times confuse the
interpretation of results as these observations points towards a higher content of
carbon dissolved in the austenite retained after short tempering treatments.
Similar observations can be found in literature [74, 127, 131, 132] and are
explained with carbon diffusion (partitioning) from martensite to austenite
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and/or relaxation of stresses in the microstructure. It is not clear which the
dominating process is or if other unidentified mechanisms are also involved. For
this study the important observation is that Ms continuously increases and lattice
parameters continuously decrease except for the shortest aging times. This points
as discussed above, towards destabilisation of the retained austenite due to
precipitation of carbides.
6.3.3.2 Multiple tempering treatments at 525°C
The primary aim of studying multiple tempering treatments with dilatometry was
to understand the transformation of retained austenite and the tempering of fresh
martensite during the subsequent tempering treatments. Related studies reported
in literature [2, 133] have mainly been conducted on high speed steels.
Understanding of the transformation of retained austenite and tempering of fresh
martensite requires an estimation of the fraction of fresh martensite for the
microstructures after the first, second and third tempering treatments. Therefore,
by using the XRD results (Table 5.8), the fraction of fresh martensite was
estimated as a difference in retained austenite content between the hardened and
single tempered or the single and double tempered specimens and is presented in
Table 6.3.
Table 6.3 Fraction of fresh martensite (FM) (and bainite, B) after the first, second and
third tempering treatment at 525°C.
Hardened
FM + (B)
Sample
(vol. %)
Q20
81
Q50
76
Q75
72

First tempering
FM
Sample
(vol. %)
T20x1
19
T50x1
17
T75x1
16

Second tempering
FM
Sample
(vol. %)
T20x2
T50x2
7
T75x2
12

Third tempering
FM
Sample
(vol. %)
T50x3

-

Specimens austenitised at 1020°C, 1050°C or 1075°C had various proportions of
un-tempered martensite, bainite and retained austenite together with minute
quantities of undissolved carbides. These specimens showed a comparatively large
contraction during the first tempering at 525°C (Fig. 5.26). The contraction during
holding at the tempering temperature was explained by precipitation of carbides
in mainly martensite [70, 125] (as discussed in section 6.3.3.1). Cooling after the
first tempering caused partial transformation of retained austenite to martensite
(see Table 5.5). For example, the retained austenite in the specimen austenitised
at 1050°C was reduced from 24% to 5% after tempering for 2 h (see Table 6.1).
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During the second tempering the contractions were relatively smaller (from 0.001
to 0.003%, Fig. 5.33) compared to for the first tempering (from 0.006 to 0.007%).
This was due to the presence of lower volume fractions of retained austenite and
fresh martensite in the specimens already tempered once. For example, for the
specimen austenitised at 1050°C, 17% fresh martensite and 7% retained austenite
is present (see Tables 6.1 and 6.3).
A higher austenitisation temperature resulted in a larger contraction during the
second tempering than a lower austenitisation temperature due to the total higher
contents of fresh martensite and retained austenite. For example, the contraction
was 0.003% for the highest austenitisation temperature with 16% FM + 12% RA
compared to 0.001% contraction for the lowest austenitisation temperature with
19% FM and no retained austenite. What proportion of the contraction that can
be attributed to fresh martensite, tempered martensite and retained austenite
cannot be estimated from the present study.
It was seen that the Ms temperature for the specimen austenitised at 1075°C was
higher during cooling after the second tempering (180°C) when compared with
the first tempering treatment (160°C, compare section 5.3.3 and Table 5.5). This
is a consequence of the lower carbon content in the retained austenite after a long
total holding time at tempering temperature. After the third tempering, XRD
results showed no retained austenite and no martensitic transformation was
observed during cooling, i.e. the microstructure was fully tempered.

6.3.4 Retained austenite transformation to ferrite and
carbides
The tempering treatment at 600°C resulted in contraction of specimens for the
first two hours (see Fig. 5.38). This is interpreted as being an effect of
precipitation of carbides in martensite and retained austenite as discussed in
section 6.3.3.1. However after the initial contraction, the specimens expanded.
Literature suggests that expansion is due to diffusional transformation of retained
austenite to ferrite and carbides [70, 76, 115]. The microstructure of the specimen
certainly showed blocky regions containing carbides (grey) in ferrite (Fig. 5.39b).
Further observations supporting this are that no martensitic transformation was
observed during cooling and that no retained austenite was present after the
tempering treatment (see section 5.35). Thus, it was concluded that all the retained
austenite was transformed during holding at the tempering temperature.
Similar experiments on a variety of steels can be found in literature [70, 76, 115,
125, 134]. Relevant examples are for a 5 wt.% Cr hot work tool steel containing
0.37 wt.% C tempered at 610°C [76] while Podder and Bhadeshia studied
tempering at 450°C of a bainitic steel with 0.22-C, 3-Mn, 2.03-Si (wt.%) [70].
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References [76] and [70] showed a contraction for the first 20 minutes and 1h,
respectively, followed by expansion. The rate of carbide precipitation is related to
the carbon diffusivity in retained austenite as reported in [135]. Thus, it is not
unexpected that the process is more rapid at 610°C than at 450°C. A rough
approximation based on data in Table 2.5 suggests that the diffusion length of
carbon in γ-Fe at 600°C is four times larger than at 500°C. It can be noticed that
the bainitic steel in [70] does not contain carbide forming alloy elements which
may affect the precipitation of carbides at high temperatures.
The hot work tool steel in reference [76] had about half the carbon as well as
molybdenum content compared to Caldie. This can explain that the
transformation was not observed until after 2 hours in Caldie but was seen already
after 20 min in the 5 wt.% Cr hot work tool steel with lower carbon content.
There are different opinions about the mechanism of retained austenite
transformation to ferrite and carbide. Van Genderen et al. [71] divided the
retained austenite decomposition of a Fe-C model alloy into two successive steps,
i.e. a preceding ferrite formation occurs before the final transformation to ferrite
and cementite take place. However, the results presented in this thesis follow
those presented in reference [76] well and can be described as follows. The
retained austenite initially contained a higher content of alloying elements and is
thermodynamically unstable. Thus, the precipitation of carbides from retained
austenite is the first step depleting carbon from retained austenite and permitting
a second step where ferrite and carbides forms simultaneously.
From the discussion above, it can be argued that the first step of retained austenite
transformation is dependent on the amounts of alloying elements in the retained
austenite. This step will also be influenced by the selection of tempering
temperature. A rapid diffusion of carbon at higher tempering temperature can
reduce the time for the completion of the first step and thus the selection of
holding time would become less significant as we have seen i.e. in the case of
Caldie. However, tempering at 525°C for low alloy steels is more likely to
complete the first step within a few hours. Thus, the retained austenite would
partially dissolve into ferrite and carbides and the rest of the retained austenite
may transform to martensite on cooling. It is well known that the thin films of
retained austenite between the martensite laths can precipitate interlath cementite
and reduce the toughness of the steel [81, 82]. In such a scenario, the selection of
holding time is critical to minimise the effect of retained austenite transformation
into ferrite and carbides. It can therefore be said that for tool steels, it is desired
to have retained austenite transformation into martensite on cooling.
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6.4 Effect of prior austenite grain size
The effect of austenitisation temperature on prior austenite grain size was evident
when comparing the micrographs of specimens austenitised at 1020°C and
1075°C. The austenitisation at 1075°C resulted in large austenite grains (45 μm,
Fig. 5.3). Prior austenite grain size is a significant factor indirectly controlling the
mechanical properties of a steel and it is often noticed that a steel containing large
austenite grains forms coarse martensite. For example, a tool steel with 0.39-C,
1.95-Cr, 0.27-Mo, 1.0-Ni (wt.%) was investigated after austenitisation at several
temperatures from 900°C to 1050°C [49]. It was reported that the prior austenite
grain size increased from 23.5 μm to 80 μm which caused an increase in martensite
packet size from 9.7 to 28.5 μm while the martensite lath width also increased
from 0.60 to 0.69 μm. As a result, the impact toughness of the steel was found to
decrease linearly with increasing packet size. However, these results are for a low
alloy steel where a hierarchic structure of martensite exists i.e. packets, blocks,
sub-blocks and individual laths. For medium carbon steels, Maki [114] pointed
out that the factors determining the morphology and sub structure of martensite
are poorly defined. Therefore, the effect of prior austenite grain size on the
distribution of martensitic features was investigated.

Figure 6.4 Grain size distribution of martensite in the hardened specimens that were
austenitised at 1050°C (Q50) and 1075°C (Q75). A higher percentage of martensitic
features that are larger than 1 μm were found in Q75 than Q50.

The grain size distribution of martensite from specimens Q50 and Q75 is shown in
Fig. 6.4 (see section 4.5.3 for definition of martensite grain size). The distribution
of the size of martensitic features up to 1 μm is quite the same for both specimens.
However, there was a clear difference in the number of features (the same area
was analysed for both samples). The specimen austenitised at 1050°C had a more
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refined microstructure with 888 features compared to the specimen austenitised
at the higher temperature with 456 features. Moreover, the number of martensitic
features with a diameter larger than 1 µm was approximately 3% units higher in
the specimen austenitised at 1075°C. The largest martensite feature had a diameter
of 8.5 µm in the Q75 sample and was almost double in size compared to Q50 with
4.5 µm.
Moreover, it is known that the dissolution of primary carbides at the high
austenitisation temperature adds more alloying elements to the austenite and
lowers the Ms and Bs temperatures (will be discussed in more detail in section
6.6.2). Therefore, a larger volume fraction of austenite was retained in specimens
austenitised at 1075°C than at 1020°C or 1050°C (see section 5.2.1). Hence, the
specimens which had larger prior austenite grains also had higher amounts of
retained austenite. However, it is not clear from the literature about tool steels if
the large prior austenite grains have a similar effect on the size distribution of
retained austenite as for martensite. Therefore, the influence of prior austenite
grain size on retained austenite size distribution was investigated by comparing
specimens Q50 and Q75 as shown in Fig. 6.5.
The size distribution of the retained austenite features with sizes up to 1 µm is
quite the same for both specimens. However, a difference in the number of
measured features per total area was persistent; the specimen austenitised at
1050°C had a finer microstructure with 677 features compared to 435 features for
the specimen austenitised at higher temperature. The frequency of retained
austenite features larger than 1 µm was 7% units higher in the specimen
austenitised at 1075°C. Similarly, the largest retained austenite feature in Q75 (4.4
µm) was more than twice in size of that in Q50 (1.7 µm).
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Figure 6.5 A comparison of size distribution of retained austenite found in specimens
Q50 and Q75, austenitised at 1050°C and 1075°C, respectively. More retained austenite
features larger than 1 μm were found in the specimen austenitised at 1075°C.

From this discussion, it was concluded that an increase of austenitisation
temperature from 1050°C to 1075°C caused a threefold increase in prior austenite
grain size (from 16 to 45 μm), which caused a twofold increase in maximum sizes
of martensite and retained austenite features. It is clear that the Q75 specimen
contained only few M7C3 carbides. Hence there was less pinning by M7C3 carbides
of the austenite grain boundaries which resulted in larger austenite grains. Hence,
austenitising at 1020°C or 1050°C seems to be the only realistic alternatives.

6.5 Effect of tempering on martensite grain size
The effects of tempering on martensite grain size are worth attention since no
relevant literature could be found. The grain size distributions of martensite
features in the hardened specimen and in the specimens tempered once or twice
at 525°C, are compared in Fig. 6.6. The critical part in this distribution is in the
bin interval of martensite grains (equivalent circle diameter) from 0.18 to 0.33 μm
which is marked with a dashed rectangle. After the first tempering, the frequency
of martensitic features increases in this grain size interval and the frequency of
features further increased in the lower grain size range from 0.18 to 0.23 μm i.e.
after the second tempering.
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Figure 6.6 Grain size distribution of martensite after quenching and tempering
treatments. The frequency of martensite grains increased in lower size range after the
first and second tempering as marked with a rectangle.

This trend of increasing frequency of finer martensite with further tempering
treatments is due to the formation of fresh martensite on cooling after every
tempering treatment and relies on the sizes of retained austenite present in the
microstructure before the transformation. It was also seen for the specimen T2
(see Fig. 5.31) that some tempered martensite was of sizes greater than 1 μm while
the fresh martensite formed during cooling after tempering was of small size. This
is because the martensite that is formed during quenching can grow to larger size
while the martensite that is formed during cooling after tempering is limited to
sizes of hardened retained austenite grains.

6.6 Bainite formation
Bainite was formed in the specimens which were traditionally (1°C/s) as well as
slowly (0.1°C/s) cooled. It was also formed in the specimens subjected to
interrupted cooling experiments. There was diversity in the appearance of bainite
in these microstructures. The discussion will start by some critical aspects of
bainite formation in the specimens that were traditionally cooled and then
discussing the details of slowly cooled specimens. Finally, the kinetics of bainite
formation in interrupted cooling experiments will be discussed.

6.6.1 Bs temperatures
The traditional cooling of the specimens that were austenitised at 1020°C, 1050°C
and 1075°C showed some transformation before martensite formation. In line
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with the CCT diagram of the steel (see Fig. 4.1), this was bainite forming. Thus,
it was necessary to compare the measured Bs temperatures with literature.
Numerous equations are available in literature for the calculation of Bs
temperature for many different steel alloys. Kiraldy et al. [136] proposed an
equation presented as Eq. v. This equation was selected due to the similarity in
chemical composition of the investigated steel, although it does not include a
factor for vanadium content.
Bs (°C) = 656 - 58 C – 35Mn - 75 Si – 15 Ni – 34 Cr - 41 Mo (wt.%)

Eq. v

Another well-known equation was suggested by Steven and Haynes [137] and is
presented as Eq. vi. This equation does not take in to account factors for
vanadium or silicon contents.
Bs (°C) = 830 - 270 C - 90 Mn - 37 Ni -70 Cr - 83 Mo (wt.%)

Eq. vi

The austenite compositions at 1020, 1050 and 1075°C calculated with ThermoCalc (Table 5.9) were used in Eq. v and vi to calculate the Bs temperature. The
calculated Bs is then compared with measured Bs in Fig. 6.7.

Figure 6.7 Calculated Bs temperatures by Eq. v and vi and measured Bs temperatures
for cooling rates of 1 or 0.1°C/s as a function of austenitisation temperature. The
calculated and measured Bs decreases with increasing austenitisation temperature.

The values of measured Bs temperatures during traditional (1°C/s) cooling of the
specimen lie in between the values calculated by Eq. v and vi. On the other hand,
the experimental Bs temperature marked as green diamond in Fig 6.7 for the slow
cooling (0.1°C/s) coincides with the Bs calculated by Eq. v.
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There are several reasons for the difference between calculated and measured Bs.
One is that the Bs temperature is a function of alloying elements in austenite and
none of the equation uses all alloying elements of the given steel. Further, the
equilibrium chemical composition of austenite was used in these equations, which
in reality may not be reached. Another is that during continuous cooling
treatments pre-bainitic carbides can forms in austenite before its transformation
and deplete its carbon content [50]. However, the most important reason is
probably that the equations used for the calculation of Bs temperature are based
on isothermal transformation experiments, whereas the specimens in this study
were continuously cooled. Therefore, as expected the Bs temperature of the
slowly cooled specimen was higher (see Fig. 6.7) and agrees well with the
calculated Bs from Eq. v.
Anyhow, the most important conclusion is that both the measured and the
calculated Bs temperatures decreased with increasing austenitisation temperature.
The fact that a good agreement was seen between the most slowly cooled
specimen and calculations with Eq. v suggests that this is the most suitable
equation for the calculation of Bs temperature for Caldie.

6.6.2 Traditionally cooled specimens
The amount of bainite formation was, as discussed above, noticed to become
smaller in specimens that were austenitised at higher temperatures. The addition
of alloying elements in austenite by austenitisation at high temperature both
lowers the Bs temperature and shifts the C-curve of bainite to the right in TTT
diagrams. Another reason is the presence of larger prior austenite grains for higher
austenitisation temperature. Matsuzaki and Bhadeshia [138] reported that the
refinement of prior austenite grains led to enhancement of the nucleation rate of
bainite. It means that in a steel which has large prior austenite grains, the kinetics
of bainite formation becomes more sluggish as seen by less bainite forming during
cooling of specimen austenitised at 1075°C. Bainite was not distinguishable from
martensite in the microstructure of these specimens either due to its low volume
fraction or because it was etched the same as martensite. However, the tendency
of this steel to produce bainite can be noticed during slow cooling.

6.6.3 Slowly cooled specimens
A prominent phase transformation of slowly cooled specimens before martensite
formation was evident from dilatometry results (Fig. 5.12), which is in line with
what is expected from the CCT diagram of Caldie (Fig. 4.2). Moreover, the slowly
cooled specimen had a 40°C lower Ms temperature than the rapidly cooled
specimen (Fig. 5.12). This suggests a significant amount of carbon was partitioned
to untransformed austenite during the formation of bainite. The complex
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microstructure of the slowly cooled specimen showed feathery and non-lamellar
non-martensitic features in SEM micrographs (Fig. 5.11). A study of a 0.5-C, 1.0Cr and 0.2-Mo (wt.%) steel [139] observed similar feathery features in the
microstructure which were characterised as upper bainite. The feathery structure
contained thin long laths (dark contrast) with thin light intervening features. The
light features were shown by EBSD to consist largely of retained austenite. This
suggests that the austenite was retained between the sub units of bainite during
its growth as described by Bhadeshia [9, 140]. On the other hand, some bainitic
laths contained small light imaging features which were discontinuous, randomly
distributed, and had varying lengths and widths inside the lath. This suggests that
the light features were carbides. However, the large diversity in appearance of
bainite requires a more detailed characterisation with TEM.

6.6.4 Interrupted cooling specimens
The kinetics of bainite formation was studied in interrupted cooling experiments.
The treatments for 48 h showed larger expansion of specimens than the treatment
for a shorter holding time of 2 h and are therefore discussed first.
6.6.4.1 Holding time of 48 h
The dilatometry result of specimens treated 48 h, produced a larger expansion
and a higher lattice parameter of retained austenite at 200°C than at 170°C (Fig.
5.16). During the course of bainite formation, a faster partitioning of carbon to
untransformed austenite at 200°C is expected than at 170°C. This increment of
carbon content in retained austenite lowered the Ms temperatures of the
specimens treated at 200°C to below ambient and for the specimen treated at
170°C to 94°C. Thus, the microstructure of the specimen treated at 200°C for
48h was concluded to consist mainly of bainite and retained austenite. On the
other hand, the specimen treated at 170°C for 48 h had a complicated
microstructure consisting of a mixture of bainite, martensite and retained
austenite similar to the specimens treated for 2 h.
6.6.4.2 Holding for 2 h
A smaller expansion of the specimen treated for 2 h at 200°C than at 170°C
suggests that less bainite formed initially at 200°C than at 170°C (Fig. 5.15) even
though it is clear from the 48 h experiments that the opposite was true after longer
times. Thus, it is of interest to investigate the phase fractions in these specimens.
Unfortunately, the phase fractions of bainite and martensite cannot be separated
using the XRD data due to the similarity between the BCC and BCT crystal
structures. Therefore, different approaches were used to calculate the phase
fractions of bainite.
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The first method calculates the volume fraction of bainite by Eq. vii [62, 141].
This equation was developed for C-Mn-Si steels where the formation of cementite
is supressed during the bainite formation by a high silicon content [142]. In this
study, precipitation of carbides was seen in the bainitic structures and thus the
calculated content of bainite can differ from the actual. However, it has to be
emphasized that it is not the absolute value that is the most important but the
change in bainite content with holding time.
Vαb = Cγ-C / Cγ - S

Eq. vii

Vαb is volume fraction of bainite, Cγ is carbon content of retained austenite after
bainite formation, C is the average carbon content of the steel and S is the amount
of carbon trapped in bainite in the form of solid solution.
For the present calculation, the average carbon content of the steel was not used
since some carbon is present in the undissolved carbides. Thus, the carbon
content of the steel was assumed to be the carbon content of the austenite at
austenitisation temperature of 1050°C and was calculated by Thermo-Calc (0.67
wt.% Table 5.9). The value of S was assumed to be 0.03 wt.% [143]. The carbon
content of the austenite after transformation was calculated by Eq. iii for Ms
temperature [121].
The equilibrium content (wt.%) of substitutional element of austenite at the
austenitisation temperature (Table 5.9) and the measured Ms temperatures (Table
5.6) were used in Eq. iii to calculate the wt.% C in retained austenite. The results
were then used in Eq. vii to calculate the phase fraction of bainite as presented in
Table 6.4.
Bainite volume fraction was also calculated by a second method which initially
requires the calculation of martensite phase fraction. Therefore, the measured Ms
temperatures (Fig. 5.17) were used to calculate the phase fractions of martensite
by using the Koistinen and Marbuger (K-M) equation [144], which is given as:
f = 1 – exp (-k {Ms-T})

Eq. viii

Here f is the phase fraction of martensite, k is a constant with a value of 0.011,
Ms is the martensite start temperature and T is room temperature (25°C).
The calculated volume fractions of martensite were then subtracted from the
measured fractions of martensite+bainite from XRD results (Table 5.4), assuming
that the resultant is the fraction of bainite and is presented in Table 6.4. This
method is inspired by a similar approach that can be found in [62].
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Table 6.4 Volume percentage of bainite calculated with two methods and wt.% carbon
in retained austenite calculated from Ms temperatures.
Specimen

IC200x2h
IC170x2h
IC170x48h

Bainite (vol. %)
Cγ (wt.%)
(Eq. iii)
0.70
0.73
0.84

1st method
(Eq. vii)
6
9
21

2nd method
(Eq. viii)
6
12
19

The two methods of calculations suggest that the bainite fraction for the specimen
treated at 200°C for 2 h was indeed lower than for the specimen held at 170°C.
This difference in calculated volume fraction of bainite stems from the differences
in measured Ms temperatures. A small contraction was observed for the specimen
treated at 200°C for 2 h and the resulting microstructure did not show any signs
of bainite as in the treatment at 170°C. When these results are reviewed together
with Table 6.4, it can be concluded that insignificant amounts of bainite (Fig. 5.18)
was produced in the specimen. On the other hand, the increase in the calculated
bainite fraction (from 9 to 21%) for the specimens treated at 170°C for 2 to 48 h,
follows a similar behaviour found in dilatometry results i.e. the specimens
expanded from 0.02% to 0.065%, respectively.
The reason for the formation of less bainite at 200°C than at 170°C after 2 h while
the opposite was true after 48 h, can be understood most likely in terms of the
total time for nucleation and growth during cooling and isothermal holding.
Cooling to the lower temperature allows more bainite to nucleate during cooling
but growth is significantly slower during holding. However, for the higher
temperature little bainite nucleated before the isothermal treatment while growth
was fast once nucleation occurred.
The microstructure of specimen IC170°Cx2h showed grey features along the prior
austenite grain boundaries. These features in specimen IC 170°Cx2h appeared to be
devoid of carbides after 2 h meaning that any carbides were too small to be
revealed in SEM micrographs. However, after the 48 h treatment, the dark
features in SEM micrographs showed carbides with orientations typical of a lower
bainite [9]. For low and medium carbon Si-Mn steels, Bhadeshia found similar
features and referred to these as grain boundary lower bainite [9]. He suggested
that the large undercooling below the Bs temperature [145] and a large austenite
grain boundary nucleation rate of lower bainite at temperatures close to Ms can
be the reasons for the austenite grain surface to be covered by lower bainite subunits [9]. The calculated volume fractions of bainite, the microstructures and the
dilatometry results when taken together in the light of relevant literature suggests
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that the feature in the microstructure of Caldie after treatment at 170°C can be
grain boundary lower bainite. However, a detailed investigation with TEM is
required to confirm this interpretation.

6.6.5 Comparison of Ms and Bs with Caldie CCT diagram

Temperature (°C)

The variations of the measured Ms, Bs and Bf temperatures (Fig. 6.2 and 6.7) with
cooling rates and austenitisation temperatures motivated a comparison with the
existing CCT diagram of Caldie (Fig. 6.8).

Time (s)
Figure 6.8 A CCT diagram of Caldie for an austenitisation at temperature of 1025°C.

The only CCT diagram available for Caldie is valid for specimens austenitised at
1025°C which should be kept in mind when comparing to the current results from
Figs. 6.2 and 6.7 for austenitisation temperatures of 1020, 1050 and 1075°C. A
magnified section of the CCT diagram where the measured Bs, Bf and Ms
temperatures are plotted is shown in Fig. 6.9. The heat treatment parameters for
the measured transformation temperatures are given in Table 6.5.
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Figure 6.9 A section of the CCT diagram of Caldie for an austenitisation temperature of
1025°C. The measured Ms and Bs temperatures are shown for rapidly (FC),
traditionally (TC) and slowly (SC) cooled specimens. Heat treatment parameters and
denominations are given in Table 6.5 below.
Table 6.5 Heat treatment parameters and denominations of measured Bs, Bf and Ms
temperatures in the CCT diagram in Fig. 6.10.
Specimen
FC
Q20
Q50
Q75
SC

Ta
(°C)
1050
1020
1050
1075
1050

Cooling rate
(°C/s)
10
1
0.1

Ms
(°C)
Ms1
Ms2
Ms3
Ms4
Ms5

Bs
(°C)
Bs2
Bs3
Bs4
Bs5

Bf
(°C)
Bf

The Ms and Bs temperatures obtained for rapidly (blue line), traditionally (green
line) and slowly (orange line) cooled specimens don’t exactly agree with those in
the CCT diagram (Fig. 6.9). One main reason is that austenitisation at higher
temperature dissolves more alloying elements in the austenite resulting in lower
Ms and Bs temperatures. This trend is clearly seen when comparing Ms and Bs
temperatures for different austenitisation temperatures for traditionally cooled
specimens. Other reasons for the differences can be the method for measuring
the critical temperatures, the chemical composition of the steel and the process
history of the steel ingot. Therefore, it is a common practise at Uddeholm to use
specimens from the same ingot, prepared from the same area for making a CCT
diagram. The largest differences occurred for the specimens which were rapidly
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and slowly cooled (Ms1, Bs5 and Bf, see Fig. 6.9). These specimens were produced
from ingot B and were soft annealed differently (see section 4.1) compared to the
other specimens.
For the comparison of the isothermal treatments, a section of the CCT diagram
of Fig. 6.8, is drawn where the isothermal treatments at 170°C and 200°C for 2
or 48 h are presented as Fig. 6.10. This is obviously not the way a CCT diagram
is intended to be used but will help explaining the experimental observations.

Figure 6.10 A section of the CCT diagram of Caldie for austenitisation at 1025°C. It
illustrates the interruption of the traditional cooling at 200°C or 170°C for 2 or 48 h. This
is the same region where the bainite nose is located.

Notice that the interrupted cooling experiments were conducted for cooling rates
and temperatures close to the nose of the bainite CCT curve. Therefore, the
isothermal treatments are expected to produce bainite. However, a closer
comparison suggests that the cooling curve most probably did not pass through
the bainite nose during cooling to 200°C. Due to this, little bainite was formed
during isothermal treatment at 200°C for 2 h (discussed more in section 6.6.4.2).
However, the cooling curve for treatment at 170°C did pass through the bainite
nose. The bainite formed during isothermal treatment lowered the Ms
temperatures due to the partitioning of carbon into retained austenite. This was
most pronounced in the specimen isothermally tested at 200°C for 48 h where
martensite transformation did not occur as Ms was suppressed to below room
temperature.
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6.7 Mechanical properties
6.7.1 Hardness and compressive strength
The high hardness of hardened specimens was due to the presence of untempered martensite. The hardness level of martensitic steels depends on carbon
content of martensite, and the amounts of martensite and retained austenite
present in the microstructure. For example, the deep cooled specimen had 92%
of martensite and showed the highest hardness (67.5 HRC) when compared with
the specimens that were cooled to room temperature with approximately 76% of
martensite which had a hardness of 65 HRC.
During tempering carbides were precipitated in the martensite and a significant
reduction in the hardness was seen for all tempered specimens, one example is a
decrease of approximately 5 HRC when tempered at 200°C. Tempering
treatments at temperature between 200°C to 350°C, 2x2 h showed a lower
hardness than at 200°C while tempering between 350°C to 500°C, 2x2 h resulted
in a higher hardness. This hardness behaviour can be explained as formation of
arrays of cementite rods at temperatures above 250°C to 350°C while the loss of
rod shape and gradual spheroidisation of cementite at temperatures above 350°C
helps in regaining the hardness. See the work of Speech and Leslie [30] for a more
detailed description.
It is known that secondary hardening occurs due to the precipitation of MC and
M2C carbides [31, 32]. The hardness reaches its maximum when the tempering
carbides are very small and finely distributed. The specimens austenitised at
1075°C dissolved a larger amount of alloying elements in the matrix (Table 5.9)
and resulted in precipitation of a larger volume fraction of MC and M 2C carbides
compared to when austenitising at 1020°C or 1050°C. A higher secondary
hardening peak can also be attributed to the presence of hard fresh martensite
that forms on cooling after the tempering treatments. It is apparent in the case of
deep cooling. These specimens contained the highest amount of martensite (92%)
and are expected to contain the largest volume fraction of secondary carbides. In
spite of this, they showed a small secondary hardening peak. The reason for this
is that there was no fresh martensite after the second cooling as 8% retained
austenite is expected to transform to fresh martensite on the first cooling. A
similar explanation was reported by Pellizzari and Molinari in [123] for deep
cryogenic treatments of 12 wt.% and 8 wt.% Cr cold work tool steels.
The lower compressive strength of the steel after tempering at 200°C was
attributed to a high amount of retained austenite. On the contrary, all specimens
when tempered at 525°C showed relatively higher compressive strength, which
was due to precipitation strengthening and lower amounts of retained austenite.
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6.7.2 Impact toughness
An overview of the un-notched impact energy as a function of austenitisation
temperature after tempering at 200°C and 525°C is presented in Fig. 6.11. Notice
that the prior austenite grain size increases with higher austenitisation temperature
while the impact toughness of the steel decreases.

Figure 6.11 Impact energy and prior austenite grain size as a function of austenitisation
temperature for specimens tempered for 2x2 h at 200°C and 525°C. The impact energy
decreases with increasing prior austenite grain size. Image taken from [146].

The strength and toughness of a steel improves with smaller grain size [147, 148]
following the Hall-Petch relation. Austenitisation at 1020°C or 1050°C resulted
in finer martensite due to finer prior austenite grains. Literature suggests that the
martensite blocks and packets can be considered as effective grains contributing
to the strength [149] and toughness [150]. Studies have shown that the packet size
and block width of lath martensite increases with increasing prior austenite grain
size [149, 150, 151]. This suggests that a refinement of martensite increases
toughness which agrees with the present observations (Fig. 6.11).
Literature suggests that retained austenite is beneficial for toughness [59] and
provides an increased ductility [9, 152]. It is known that austenite is a softer phase
than martensite and can deform during impacting, which can postpone crack
nucleation [153]. Thus, the comparatively higher impact energies for the
specimens tempered at 200°C was due to the presence of significant amounts of
retained austenite. A similar result was also reported in [25].
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6.7.2.1 Effect of multiple tempering treatments
The impact toughness of un-notched specimens was lower after the first
tempering than the second tempering. This was due to the presence of
approximately 17% untempered martensite in the microstructure. The impact
toughness significantly increased after the second tempering which contained
only 7% of fresh martensite. However, a third tempering treatment did not have
any significant effect on the level of impact toughness of un-notched specimens
but decreased the scatter.
6.7.2.2 Effect of bainite on impact toughness
The un-notched impact energy as a function of decreasing cooling rate for
specimens heat treated at the same austenitisation temperature but in different
conditions is shown in Fig. 6.12. This illustration is helpful in comparing the phase
fractions of the microstructure with the resulting impact toughness.

Figure 6.12 Impact energy absorbed by un-notched specimens that were tempered at
525°C, 2x2 h or 2x1 h. These specimens were cooled with rates of 10, 1 or 0.1°C/s and
are labelled as Fast Cooled Tempered (FCT), Deep Cooled Tempered (DCT), Room
Temperature Cooled (RTC) and cooled after isothermal treatment at 200°C (ICT 200°C
x2h) or 170°C (ICT170°C x2h).

These results can be explained by the presence of martensite, bainite and retained
austenite in the microstructure (neglecting the minute quantity of undissolved
carbides). For example, the microstructures of rapidly or deep cooled specimens
contained mainly tempered martensite and absorbed the highest impact energies.
The microstructures of traditionally cooled or ICT 200°Cx2h contained small
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amounts of tempered bainite and absorbed relatively smaller impact energies than
the deep or rapidly cooled specimens. The specimen treated at 170°C contained
lower bainite at grain boundaries and absorbed the smallest energy. A similar
amount of impact energy was absorbed by the slowly cooled specimen, which
contained the highest amount of bainite.
Thus, it seems that the presence of bainite, which was increasing with the slower
cooling rates, contributed to less good toughness. H. Jesperson [53] suggests that
the cooling rates during hardening should be selected such as to avoid the
formation of bainite in tool steels. This supports the observation that bainitic
structures in tool steels negatively influence impact toughness.

6.8 Heat treatment recommendations
The standard heat treatment procedure practised for the studied 5 wt.% Cr cold
work tool steel is a double tempering treatment for 2x2 h at 525°C (see Fig. 2.5).
Therefore, the aim of this chapter is to discuss ways of improving heat treatment
procedures by investigating the relationships between austenitising temperature,
cooling rate, tempering treatment and resulting microstructures and mechanical
properties.
The highest investigated austenitisation temperature (1075°C) produced large
prior austenite grains and resulted in low impact toughness and would therefore
not be recommended. However, for the selection of tempering temperatures it is
necessary to discuss briefly the main findings of this work. Tempering treatments
for cold work tool steels are performed to transform retained austenite and
temper martensite to achieve the best possible mechanical properties of the tools.
After tempering at 200°C there was a significant fraction of retained austenite.
Retained austenite is due to its metastable nature considered detrimental for tool
steels as it may transform to martensite on application of load [154]. For tool
steels this may lead to dimensional changes which are unacceptable as high
dimensional precision is required for finished products.
Tempering at 525°C was shown to be a solution to minimize retained austenite,
getting maximum hardness and compressive strength while having adequate
toughness. However, as retained austenite transformed to martensite on cooling
after the first and second tempering alternative heat treatment parameters can be
suggested. A longer holding time during the first tempering may increase the
chance of transforming all retained austenite during the first cooling (see Table.
5.7). Therefore, a second tempering with a short holding time can be used to
temper the freshly formed martensite. It was also seen that fresh martensite was
present in the microstructure after double tempering of specimens austenitised at
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1050°C or 1075°C. Thus, a third tempering with shorter holding times may be
needed to achieve a fully tempered microstructure when austenitising at high
temperatures. A single tempering treatment at 600°C with longer holding time
may transform the retained austenite to ferrite and carbides but is not likely to
produce the desired hardness.
As a final note, it was concluded that austenitisation at 1020°C or 1050°C after
rapid or traditional cooling followed by tempering at 525°C (2x2 h) showed
sufficient hardness, good compressive strength and adequate toughness and
should be a suitable choice for heat treatment. Based on these results, the
possibilities of using austenitisation at 1050°C and a triple tempering treatment
has been added to heat treatment recommendations for Uddeholm Caldie.
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7 Conclusions
The effects of austenitisation temperature, cooling rate, deep cooling, tempering
temperatures, holding time at tempering temperature and multiple tempering
treatments on microstructure and properties were studied for the 5 wt.% Cr cold
work tool steel ‘Caldie’. The following was concluded:

As-hardened microstructure
•
•

The hardened microstructure of Caldie typically consisted of a mixture
of plate and lath martensite, minor amounts of bainite, blocky and thin
retained austenite and M7C3 carbides.
Blocky regions appearing after etching consisted of retained austenite,
retained austenite mixed with martensite or martensite.

Effects of austenitisation temperature and cooling rate
•
•
•
•
•

Austenitisation at 1075°C produced larger prior austenite grains (45 µm)
compared to austenitisation at 1020°C (11 µm) or 1050°C (16 µm).
Larger prior austenite grains resulted in an increase in maximum sizes of
martensite features and retained austenite grains.
A higher austenitisation temperature led to a higher alloying content in
the matrix and thereby lower Ms and Bs temperatures. As a consequence,
a larger volume fraction of retained austenite was formed.
Fast cooling (10°C/s) prevents bainite formation while a significant
amount of bainite was formed during slow cooling (0.1°C/s).
Deep cooling reduced the amount of retained austenite.

Tempered microstructure
•
•
•

The main microstructural constituents after tempering were tempered
martensite (with some tempered bainite), fresh martensite and retained
austenite.
Significant amounts of retained austenite was present after tempering for
2x2 h between 200 and 500°C while tempering at 525°C or higher
reduced the content to below 2 vol.%.
Fresh martensite was seen after a single tempering at 525°C while a
second (and third) tempering reduced the content to low levels.
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•

Blocky regions seen in the etched microstructure after short time (0.1 h)
tempering at 525°C mainly consisted of retained austenite with some
martensite while the opposite was true after longer aging times (2 h).

Transformation of retained austenite
•

•

Tempering at 525°C or above caused a decrease in the carbon content of
the retained austenite as a consequence of redistribution of carbon and
possibly precipitation of carbides. This destabilised the retained austenite
resulting in an increase of the Ms temperature allowing transformation
to martensite on cooling.
Long-time tempering at 600°C, resulted first in precipitation of carbides
in retained austenite which was followed by transformation to ferrite and
carbides.

Mechanical properties
•
•
•

Deep cooling was found to produce a high hardness after tempering
between the temperatures of 200 and 450°C, 2x2 h.
Tempering at 525°C, 2x2 h resulted in sufficient hardness and high
compressive strength.
The presence of significant amounts of fresh martensite after a single
tempering at 525°C, resulted in low impact toughness. A second
tempering at the same temperature, reduced the content of fresh
martensite and increased the impact toughness.

Observation and quantification of retained austenite
•
•
•

EBSD is a suitable technique for the observation of retained austenite in
the microstructure but XRD is preferable for quantification.
Electro-polishing is the best method for surface preparation of EBSD
specimens when studying retained austenite.
Only freshly prepared surfaces should be used for studies and
quantification of retained austenite as some room temperature
transformation to martensite will occur with time.

Heat treatment recommendations
•

The possibilities of using austenitisation at 1050°C, as well as the
previously recommended 1020°C, and also a possible triple tempering
treatment has been added to heat treatment recommendations for
Uddeholm Caldie.
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8 Comments on research questions
Following are the answers and comments on the research questions of this thesis.
Research question 1: How does a) the hardening and b) the tempering treatment parameters
affect the microstructure and mechanical properties?
Hardening at higher austenitisation temperatures resulted in a more highly alloyed
austenite, more retained austenite and larger prior austenite grains. The larger
grains permitted formation of coarse martensite, which contained more carbon
due to austenitisation at high temperature and reduced impact toughness.
Cooling after austenitisation is a critical aspect of hardening. All microstructures
regardless of the hardening conditions consisted largely of martensite. Fast
cooling (10°C/s) avoided formation of bainite, traditional cooling (1°C/s)
produced some bainite while slow cooling (0.1°C/s) formed a significant amount
of bainite. The impact toughness of the tempered steel was higher for the rapidly
cooled than for the traditionally or slowly cooled specimens. This suggests that
bainite should be avoided in 5 wt.% Cr cold work tool steels.
Retained austenite did not transform noticeably after tempering at 200°C.
Tempering at higher temperatures resulted in a decrease of retained austenite
content and formation of fresh martensite. A good combination of hardness,
impact toughness and compressive strength was achieved by tempering for 2x2h
at 525°C, which resulted in less than 2% retained austenite.
Research question 2. How should features in the very fine scaled microstructures be interpreted
and what is their relevance for properties?
The etched microstructure of Caldie showed two main features which were
named dark etched regions and light blocky regions. The dark etched regions were
noticed to contain carbides after tempering. These regions were interpreted as
tempered martensite (or tempered bainite). The blocky regions were investigated
for a variety of heat treatment conditions. They were interpreted as consisting of
either retained austenite, fresh martensite or retained austenite mixed with
martensite depending on the heat treatment. The impact of the blocky regions on
mechanical properties varied accordingly with the presence of blocky fresh
untempered martensite having a negative effect on impact toughness.
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Research question 3. How does retained austenite transform during tempering?
Retained austenite was not affected by tempering at 200°C. Tempering at 450°C
or above, however, caused redistribution of carbon and possibly precipitation of
carbides in the retained austenite. As a consequence, the carbon content of the
retained austenite was decreased, it was destabilised thereby permitting for further
transformation to martensite on cooling. This was the main mechanism for
retained austenite transformation during standard tempering treatments of Caldie
at 525°C.
When tempering at higher temperatures, such as at 600°C, the decrease in carbon
content of the retained austenite as a result of precipitation of carbides is faster
and more pronounced. In such a scenario, a diffusional transformation of retained
austenite to ferrite and carbides occurs during holding at the tempering
temperature.
Research question 4. What is the influence of temperature and holding time on tempering of
martensite?
Tempering of the hardened martensitic microstructure causes precipitation of
carbides. A desired secondary hardness peak, due to precipitation of nano-sized
carbides, is achieved for a proper choice of tempering temperature and time. The
optimum combination of time and temperature will depend on the choice of
austenitisation temperature as this affects the alloying content of the austenite.
Fresh untempered martensite forming on cooling after tempering is detrimental
to toughness and therefore needs to be tempered. Tempering for very short
holding times was not enough to temper existing martensite sufficiently and did
not allow formation of fresh martensite on cooling. Tempering for longer holding
times tempered the martensite well and resulted in formation of fresh martensite
on cooling. This fresh martensite had to be tempered during the second
tempering. In some cases, tempering for 2x2 h was not enough to produce a fully
tempered microstructure. Thus, a third tempering was required.
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9 Future work
In this thesis, studies were performed to better understand the heat treatment
process for a 5 wt.% Cr cold work tool steel. Some fundamental questions
regarding austenitisation, cooling rates, tempering treatments and retained
austenite transformation were answered. Naturally, some new questions were
raised and interesting areas for further studies were revealed. The future work
suggested below could contribute to further knowledge of importance both from
the academic and industrial points of view.
There are interesting results regarding specimen preparation of XRD and SEM
specimens. However, these effects were also prominent during TEM
investigations (which are not presented in this thesis), i.e. unexpectedly small
amounts of retained austenite was found in the TEM specimens. Therefore,
investigations must be performed to understand the effects of specimen
preparation on retained austenite content in TEM specimens. It would be more
interesting to explore alternative methods like ion milling or SEM-focus ion beam
to prepare TEM specimens rather than the conventional methods of grinding and
electro-polishing. It was also seen that SEM investigations did not allow a
conclusive identification of carbides precipitating in retained austenite for short
aging times or small amounts of bainite. It would thus be useful to use TEM for
a more detailed microstructural characterisation.
Retained austenite transformation during tempering of only Caldie was studied in
this thesis. Thus a similar study of other cold work tool steels would be of interest
to gain a more general understanding of the transformation behaviour. This
would be of great value for optimisation of the heat treatment process for future
cold work grades or even for modifying the composition of Caldie.
Finally, the effects on industrial relevant properties of the possible alternative heat
treatment parameters investigated during this study need to be validated. An
appropriate way would be to perform semi-industrial punch testing of Caldie after
different heat treatments. In this way, the work would gain industrial relevance
and testing would be helpful in predicting tool behaviour during operation.

145

REFERENCES

10 References
[1]

“April 2018 crude steel production,” World Steel Association, 25 05 2018.
[Online]. Available: https://www.worldsteel.org/media-centre/pressreleases/2018/april-2018-crude-steel-production.html. [Accessed 19 06
2018].

[2]

G. Roberts, G. Krauss, R. Kennedy, Tool Steel 5th edition, Ohio: ASM
international, Materials park, 2000.

[3]

“Uddeholm steel for cold work tooling 13th edition,” 11 2018. [Online].
Available:
http://www.uddeholm.com/files/AB_cold_work_eng.pdf.
[Accessed 11 02 2016].

[4]

D.K. Matlock, J.G. Speer, E.D. Moor and P.J. Gibbs, “Recent
developments in advanced high strength sheet steels for automotive
applications: An overview,” Jestech, vol. 15, pp. 1-12, 2012.

[5]

O. Bouaziz, H. Zurob and M. Huang, “Driving force and logic of
development of advanced high strength steels for automotive
applications,” Steel research international, vol. 84, pp. 937-947, 2013.

[6]

D.W. Suh and S.J. Kim, “Medium Mn transformation induced plasticity
steels: Recent progress and challenges,” Scr. Mater., vol. 126, pp. 63-67,
2017.

[7]

F. Huyan, Doctorial thesis, Computational material design of medium Mn steel,
Stockholm, Sweden: Universitets service US-AB, ISBN: 978-91-7729-8014, 2018.

[8]

H.K.D.H. Bhadeshia and R.W.K. Honeycombe, “Steels microstructure
and properties, 3rd ed.,” Oxford, UK, Elsevier ltd., 2006, pp. 183-207.

[9]

H.K.D.H. Bhadeshia, Bainite in Steels, London: IOM commercial ltd,
2001.

[10] A.S. Podder, I. Lonardelli, A. Molinari and H.K.D.H. Bhadeshia, “Thermal
stability of retained austenite in bainitic steel: an in situ study,” Proceedings
of royal society A, vol. 467, pp. 3141-3156, 2011.
[11] Y. Ohmori and S. Sugisawa, “The precipitation of carbides during
tempering of high carbon martensite,” Trans. JIM, vol. 12, pp. 170-178,
1971.

147

REFERENCES

[12] “Azom,”
AZo
Networks,
2017.
[Online].
http://www.azom.com/. [Accessed 03 11 2018].

Available:

[13] D.A. Porter and K.E. Easterling, Phase transformation in metal and alloys,
2nd ed., Florida: CRC press Taylor & Francis group, 2004.
[14] L. Carlson and T. Swecki, “Optimisation of homogenising treatment of
Caldie tool steel,” Corrosion and metal research institute, KIMAB,
Stockholm, 2006.
[15] G. Hoyle, Electroslag processes: principles and practice, London, U.K.:
Applied science, 1983.
[16] H. Berns, “Comparison of wear resistant MMC and white cast iron,” Wear,
vol. 254, pp. 47-54, 2003.
[17] M. Cohen, G. B. Olson, and P. C. Clapp, “On the classification of
displacive phase transformations,” in Proceedings of the international conference
on martensitic transformations, 1979.
[18] A. Borgenstam and M. Hillert, “Driving force for f.c.c to b.c.c martensites
in Fe-X alloys,” Acta mater., vol. 45, no. 5, pp. 2079-2091, 1997.
[19] S.M.C. Van Boheman, L. Morsdorf, “Predicting the Ms temperature of
steels with a thermodynamic based model including the effect of prior
austenite grain size,” Acta Mater., vol. 125, pp. 401-415, 2017.
[20] A.R. Marder and G. Krauss, “The formation of low carbon martensite in
Fe-C alloys,” Trans. ASM, vol. 62, pp. 957-964, 1969.
[21] R. Hehemann, “The bainite transformation,” in Phase transformations, ed.
H.I. Aaronson and V.F. Zackay, ASM, 1970, pp. 397-432.
[22] H.K.D.H. Bhadeshia and L.C. Chang, “Microstructure of lower bainite
formed at large undercoolings below bainite start temperature.,” Material
science and technology, vol. 12, pp. 233-236, 1996.
[23] R. Ebner, H. Leitner, F. Jeglitsch and D. Caliskanoglu, “Tool steel in the
next century,” in 5th international conference on tooling, Leoben, Austria, 1999.
[24] D. Das, A.K. Dutta and K.K. Ray, “Sub-zero treatments of AISI D2 steel:
part II. wear behaviour,” Material science and engineering A, vol. 527, pp. 21942206, 2010.
[25] Ch. Li, X. Wu, Ch. Xie and H. Wang, “An investigation of heat treatment
of Cr8 type tool steel,” in Proceedings of the 9th international tooling conference,
Montanuniversity Leoban, 2012.

148

REFERENCES

[26] E.A. Brandes and G.B. Brook ed., Smithells metals reference book,
Oxford: Butterworth-Heinemann, 1992.
[27] J. Ågren, “A revised expression for the diffusivity of carbon in binary FeC austenite,” Scripta metallurgica, vol. 20, no. 11, pp. 1507-1510, 1986.
[28] M. Arbab Rehan, A. Medvedeva, B. Högman, L. E. Svensson and L.
Karlsson, “Effects of austenitisation and tempering temperature on the
microstructure and mechanical properties of a 5 wt.% Cr cold work tool
steel,” Steel research international, vol. 87, no. 12, pp. 1609-1618, 2016.
[29] M. Arbab Rehan, A. Medvedeva, L. E. Svensson and L. Karlsson,
“Retained austenite transformation during heat treatment of a 5 wt.% Cr
cold work tool steel,” Metallurgical and materials transaction A, vol. 48, no. A,
pp. 5233-5243, 2017.
[30] G.R. Speich and W.C. Leslie, “Tempering of Steel,” Metallurgical transactions,
vol. 3, no. May, pp. 1043-1054, 1972.
[31] J. Akre, F. Danoix, H. Leitner and P. Auger, “The morphology of
secondary-hardening carbides in a martensitic steel at the peak hardness by
3DFIM,” Ultramicroscopy, no. 109, pp. 518-523, 2009.
[32] K. Stiller, L.E. Svensson, P.R. Howell, W. Rong, H.O. Andren and G.L.
Dunlop, “High resolution microanalytical study of precipitation in a
powder metallurgical high speed steel,” Acta metall., vol. 32, pp. 1457-1467,
1984.
[33] D. Viale, J. Beguinot, F. Chenou and G. Baron, “Optimising
microstructure for high toughness cold work tool steels,” in Proceedings of
the 6th international tooling conference, Karlstad, Sweden, 2002.
[34] J. Blaha, C. Krempaszky and E.A. Werner, “Carbide distribution effects in
cold work tool steels,” in Proceedings of the 6th International tooling conference,
Karlstad, Sweden, 2002.
[35] E. Wulfmeier, “A new high tensile steel with high toughness,” in Proceedings
of the 6th international tooling conference, Karlstad, Sweden, 2002.
[36] S. Marsoner, R. Ebner and R. Minichmayr, “Material behaviour of powder
metallurgically processed tool steels in tensile and bending testing,” in
Proceedings of the 6th international tooling conference, Karlstad, Sweden, 2002.
[37] F. Arieta, E.B.M. Netto, U. Beutler, F.V. Soest, W. Pannes and C. Ernst,
“Impact properties of AISI D2 and 8% Cr cold work tool steels,” in
Proceedings of the 8th international tooling conference, Aachen, Germany, 2009.

149

REFERENCES

[38] H. Berns, C. Broeckmann and D. Weichert, “Fracture of hot formed
ledeburite chromium steels,” Engineering fracture mechanics, vol. 58, no. 4, pp.
311-325, 1997.
[39] M. Randelius, Influence of microstructure on fatigue and ductility properties of tool
steels, Licenciate thesis, Stockholm: KTH, ISBN: 978-91-7178-859-7, 2008.
[40] L.R. Woodyaatt and G. Krauss, “Iron chromium carbon system at 870°C,”
Metallurgical transactions A, vol. 7A, pp. 983-989, 1976.
[41] D.W. Hetzner and W.V. Geertruyden, “Crystallography and metallography
of carbides in high alloy steels,” Materials characterization, vol. 59, pp. 825841, 2008.
[42] S. Kang, M. Kim and S.J. Lee, “Microstructural and mechanical
characteristics of novel 6% Cr Cold work tool steel,” Metals, vol. 12, no. 7,
DOI:10.3390/met7010012, 2017.
[43] H. Kim, J.Y. Kang, D. Son, T.H. Lee and K.M. Cho, “Evolution of
carbides in cold-work tool steels,” Materials characterisation, vol. 107, pp.
376-385, 2015.
[44] A. Litwinchuk, F.X. Kayser and H.H. Baker, “The rockwell C hardness of
quenched high-purity iron-carbon alloys containing 0.009 to 1.91%
carbon,” Journal of material science, vol. 11, no. 1, pp. 1200-1206, 1976.
[45] M. Atkins, Atlas of continuous cooling transformation diagrams for
engineering steels, Sheffield: Bristish steel corporation, 1977.
[46] B. Bialobrzeska, L. Konat and R. Jasinski, “The influence of austenite grain
size on the mechanical properties of low alloy steels with boron,” Metals,
vol. 7, no. 26, DOI:10.3390/met7010026, 2017.
[47] S. Morito, H. Tanaka, R. Konishi, T. Furuhara and T. Maki, “The
morphology and crystallography of lath martensite in Fe-C alloys,” Acta
materialia, vol. 51, pp. 1789-1799, 2003.
[48] C. Wang, M. Wang, J. Shi, W. Hui and H. Dong, “Effect of microstructure
refinement on the strength and toughness of low alloy martensitic steel,”
J. Mater. Sci. Technol., vol. 23, pp. 659-664, 2007.
[49] H. Hoseiny, F.G. Caballero, D.S. Martin and C. Capdevila, “The influence
of austenitisation temperature on the mechanical properties of a
prehardened mould steel,” Material science forum, trans. tech. publications, vol.
706, pp. 2140-2145, 2012.

150

REFERENCES

[50] J. Andersson, Secondary hardening in some low chromium hotwork tool steels, PhD
thesis, Gothenburg, Sweden: Chalmers university of technology, ISBN 97891-7385-508-2, 2011.
[51] J. Andersson, H.O. Andren, L.E. Svensson and H. Jesperson,
“Microstructure development during tempering of the hot work tool steel
Uddeholm QRO90 supreme,” in Proceddings of the 8th international tooling
conference, Aachen, 2009.
[52] M.T. Coll Ferrari, Effect of austenitising temperature and cooling rate on
microstructures of hot work tool steels, Trollhättan: University West
ISBN: 978-91-87531-15-6, 2015.
[53] H. Jesperson, Toughness of tool steel, Uppsala, Sweden: Uppsala
Universitetstryckeriet ISBN: 978-91-506-2191-4, 2011.
[54] M. Kang, M. Jung, H. Lee and Y-K. Lee, “Microstructural evolution during
austenitisation and quenching of a 5 wt.% Cr work roll,” Materials
transactions, vol. 52, no. 11, pp. 1915-1921, 2012.
[55] H.Z. Chi, D.S. Ma, H.X. Xu, W.L. Zhu and J.Q. Jiang, “Phase
transformation of a cold work tool steel during tempering,” Journal of iron
and steel research international, vol. 23, no. 5, pp. 484-488, 2016.
[56] G.L. Dunlop and R.W.K. Honeycombe, “Ageing characteristic of VC, TiC
and (V,Ti) C dispersions in ferrite,” Metal science, vol. 12, no. 8, pp. 367-371,
1978.
[57] H. Chen, A. Borgenstam, J. Odqvist, I. Zuazo, M. Goune, J. Agren and
S.V. Zwaag, “Application of interrupted cooling experiments to study the
mechanism of bainite ferrite formation in steels,” Acta materialia, vol. 61,
pp. 4512-4523, 2013.
[58] G.N. Haidemenopoulos, G.B. Olson, M. Cohen and K. Tsuzaki,
“Transformation plasticity of retained austenite in stage-I tempered
martensitic steels,” Scripta metallurgica, vol. 23, pp. 207-212, 1989.
[59] G. Thomas, “Retained austenite and tempered martensite embrittlement,”
Metallurgical transactions A, vol. 9, pp. 439-450, 1978.
[60] M.K. Mohammadi, B. Avishan and S. Yazdani, “Transformation kinectics
and microstructural features in low temperature bainite after ausforming
process,” Material chemistry and physics, vol. 184, pp. 306-317, 2016.
[61] C. Garcia-Mateo, M. Peet, F.G. Caballero and H.K.D.H. Bhadeshia,
“Tempering of hard mixture of bainitic ferrite and austenite,” Material
science and technology, vol. 20, pp. 814-818, 2004.
151

REFERENCES

[62] H. Bhadeshia, “About calculating the characteristic of the martensiteaustenite contituents,” in Proc.of int. seminar on welding of high strength pipeline
steels, USA, 2013.
[63] R. Padmanabhan and W.E. Wood, “On occurrence of blocky martensite
in 300M steel,” Materials science and engineering, vol. 66, pp. 1-11, 1984.
[64] K.D. Amar, J.G. Speer and D.K. Matlock, “Color tint etching for
multiphase steels,” Advanced materials and processes, pp. 27-30, 2003.
[65] G.V. Voort and E.P. Manilova, “Hints for imaging phases in steels,”
Advanced materials and processes, pp. 32-37, 2005.
[66] R. Dziurka, K. Gorecki, M. Kopyscianski and L. Frocisz, “Influence of the
retained austenite volume fraction on the phase transformations during
tempering in high carbon alloy steel,” in Metal 2014, Brno, Czech Republic,
2014.
[67] C.H. Surberg, P. Stratton and K. Lingenhöle, “The effect of some heat
treatment parameters on the dimensional stability of AISI D2,” Cryogenics,
vol. 48, pp. 42-47, 2008.
[68] G.N. Haidemenopoulos, M. Grujicic, G.B. Olson and M. Cohen,
“Transformation microyielding of retained austenite,” Acta metall., vol. 37,
no. 6, pp. 1677-1682, 1989.
[69] A. Kokosza and J. Pacyna, “Evaluation of retained austenite stability in
heat treated cold work tool steel,” Journal of materials processing technology,
Vols. 162-163, pp. 327-331, 2005.
[70] A.S. Podder and H.K.D.H. Bhadeshia, “Thermal stability of austenite
retained in bainitic steels,” Materials Science & Engineering A, vol. 527, pp.
2121-2128, 2010.
[71] M.J.V. Genderen, M. Isac, A. Böttger and E.J. Mittemeijer, “Aging and
tempering behavior of iron-nickel-carbon and iron-carbon martensite,”
Metallurgical and materials transactions A, vol. 28A, pp. 545-561, 1997.
[72] S. Primig and H. Leitner, “Separation of overlapping retained austenite
decomposition and cementite precipitation reactions during tempering of
martensitic steel by means of thermal analysis,” Thermochimica acta, vol. 526,
pp. 111-117, 2011.
[73] S.H. Talebi, M. Jahazi and H. Melkonyan, “Retained austenite
decomposition and carbide precipitation during isothermal tempering of a
medium carbon low alloy bainitic steel,” Materials, vol. 11, no. 1441; DOI:
10.3390/ma11081441, pp. 1-12, 2018.
152

REFERENCES

[74] M. Wiebner, S. Kleber and A. Kulmburg, “In-situ investigation during
tempering of a high speed steel with X-ray diffraction,” Particle & particle
systems characterisation, vol. 22, no. 1, pp. 407-417, 2005.
[75] P.V. Morra, A.J. Bötter and E.J. Mittemeijer, “Decomposition of iron
based martensite-A Kinetic analysis by means of differential scanning
calorimetery and dilatometry,” Journal of thermal analysis and calorimetry, vol.
64, pp. 905-914, 2001.
[76] C. Lerchbacher, S. Zinner and H. Leitner, “Direct or indirect: Influence of
retained austenite decomposition during tempering on the toughness of a
hot-work tool steel,” Material Science & Engineering A, vol. 564, pp. 163-168,
2013.
[77] C. Lerchbacher, S. Zinner and H. Leitner, “Atom probe study of carbon
distribution in a hardened martensitic hot-work tool steel X38CrMoV5-1,”
Micron, vol. 43, pp. 818-826, 2012.
[78] O. Zmeskal and M. Cohen, “The tempering of two high carbon-high
chromium steels,” Trans. ASM, vol. 31, p. 380, 1943.
[79] A. Kulmburg, F. Korntheuer, E. Kaiser and H.P. Fauland, “The processes
during tempering of tool steels,” in New materials, processes, experiences for
tooling, H.Berns, M.Hogmann, L-A.Norstrom, K.Rasche and A.M. Schindler Ed.,
Andelfingen, Switzerland., Mat search, 1992, pp. 529-536.
[80] M. Sarikaya, A.K. Jhingan and G. Thomas, “Retained austenite and
tempered martensite embrittlement in medium carbon steels,” Metallurgical
transactions A, vol. 14, no. 6, pp. 1121-1133, 1983.
[81] R.M. Horn and R.O. Ritchie, “Mechanism of tempered martensite
embrittlement in low alloy steels,” Metallurgical transactions A, vol. 9, no. A,
pp. 1039-1053, 1978.
[82] H.K.D.H Bhadeshia and D.V. Edmond, “Tempered martensite
embrittlement: role of retained austenite and cementite,” Metal science, pp.
325-334, 1979.
[83] K. Thelning, Steel and its heat treatment, 2nd ed., London: Butterworts,
1984.
[84] “ASTM E112-13, Standard test method for determining average grain
size,” ASTM international, West Conshohocken, PA, 2013.
[85] T. Maitland and S. Sitzman, “Electron backscatter diffraction (EBSD)
technique and material characterization examples,” in Scanning microscopy for

153

REFERENCES

nanotechnology techniques and application, W.Zhou, Z.L. Wang (Eds.), Springer,
2007, p. 41.
[86] Channel 5 user manual, Oxford instruments HKL, 2007.
[87] D.B. Williams and C.B. Carter, Transmission electron microscopy, New
York: Plenum press, 1993.
[88] M.J. Dickson, “The significance of texture parameters in phase analysis by
X-ray diffraction,” Journal of applied crystallography, vol. 2, pp. 176-180, 1969.
[89] B.D. Cullity, “Elements of X-ray diffraction 2nd ed.,” USA, AddisonWesley publishing company Inc., 1978, p. 411.
[90] J.O. Andersson, T. Helander, L. Höglund, P. Shi and B. Sundman,
“Thermo-Calc and Dictra, Computational tools for material science,”
Calphad, vol. 2, no. 26, pp. 273-312, 2002.
[91] N. Saunders, Z. Guo, A.P. Miodownik and J.P. Schille, “The calculation of
TTT and CCT diagrams for general steels,” Internal report of sente
software ltd., Guildford, UK, 2004.
[92] M. Arbab Rehan, A. Medvedeva, L.E. Svensson and L. Karlsson, “Effect
of austenitisation temperature and multiple tempering on the
microstructure and impact toughness of a 5 wt.% Cr cold work tool steel,”
in Proceedings of the 10th International Tooling Conference, Bratislava, 2016.
[93] ASTM, Standard practise for X-ray determination of retained austenite in steel with
near random crystallographic orientation, West Conshohocken: ASTM
international, 2013.
[94] G.A. Ellinger and R.L. Sanford, “Prolonged tempering at 100°C and aging
at room temperature of 0.8% carbon steel,” Part of journal of the national
bureau of standards, vol. 13, no. August, pp. 259-266, 1934.
[95] J.R. Patel and M. Cohen, “Criterion for the action of applied stress in the
martensitic transformation,” Acta metallurgica, vol. 1, no. 5, pp. 531-538,
1953.
[96] M. Vila, K. Pantleon and M.A.J. Somers, “Evolution of compressive
strains in retained austenite during tempering sub-zero celsius martensite
formation and tempering,” Acta materialia, vol. 65, pp. 383-392, 2014.
[97] Y. Su, L. Chiu, F. Chen, S. Lin and Y. Pan, “Residual stresses and
dimenional changes related to the lattice parameter changes of heat-treated
JIS SKD11 tool steels,” Materials transactions, vol. 55, no. 5, pp. 831-837,
2014.

154

REFERENCES

[98] K. Golovchiner, “Changes in the austenite lattice parameter during the
martensitic transformation in steels,” Phys. met. metallogr., vol. 37, no. 2, pp.
126-130, 1974.
[99] K. Ullakko, V.G. Gavriljuk and V.M. Nadutov, “Aging of freshly formed
Fe-based martensite at low temperatures,” Metallurgical and materials
transactions A, vol. 25A, no. May, pp. 889-909, 1994.
[100] J.R. Tolchard, A. Somme, J.K. Solberg and K.G. Solheim, “On the
measurement of austenite in super martensitic stainless steel by X-ray
diffraction,” Materials characterisation, vol. 99, pp. 238-242, 2015.
[101] G.K. Tirumalasetty, M.A.V. Huis, C. Kwakernaak, J. Sietsma, W.G. Sloof
and H.W. Zandbergen, “Deformation-induced austenite grains rotation
and transformation in TRIP-assisted steel,” Acta materialia, vol. 60, pp.
1311-1321, 2012.
[102] D.D. Knijf, R. Petrov, C. Föjer and L.A.I. Kestens, “Effect of fresh
martensite on the stability of retained austenite in quenching and
partitioning steel,” Materials science and engineering A, vol. 615, pp. 107-115,
2014.
[103] M. Yaso, S. Hayashi, S. Morito, T. Ohba, K. Kubota and K. Murakami,
“Characteristics of retained austenite in quenched high C-high Cr alloyed
steels,” Material transactions, vol. 50, pp. 27-279, 2009.
[104] D. Knijf, Influence of quenching and partitioning parameters on the microstructure and
mechanical properties of advanced high strength steels, Phd thesis, Ghent: ISBN: 97890-8578-805-8, 2015.
[105] Y.F. Shen, L.N. Qiu, X.Sun, L. Zuo, P.K. Liaw and D. Raabe, “Effects of
retained austenite volume fraction, morphology and carbon content on
strength and ductility of nanostructured TRIP-assisted steels,” Material
science and engineering A, vol. 636, pp. 551-564, 2015.
[106] M. Yaso, S. Morito, T. Ohba and K. Kubota, “Microstructure of martensite
in Fe-C-Cr steel,” Material science and engineering A, Vols. 481-482, pp. 770773, 2008.
[107] R. Hossain, F. Pahlevani and V. Sahajwalla, “Effect of small addition of Cr
on stability of retained austenite in high carbon steel,” Materials
characterisation, vol. 125, pp. 114-122, 2017.
[108] H.S. Park, J.C. Han, N.S. Lim, J.B. Seol and C.G. Park, “Nano-scale
observation on the transformation behavior and mechanical stability of

155

REFERENCES

individual retained austenite in CMnSiAl steels,” Material science and
engineering A, vol. 627, pp. 262-269, 2015.
[109] X.C. Xiong, B. Chen, M.X. Huang, J.F. Wang and L. Wang, “The effect of
morphology on the stability of retained austenite in a quenched and
partitioned steel,” Scripta materialia, vol. 68, no. 5, pp. 321-324, 2013.
[110] C.Y. Wang, J. Shi, W.Q. Cao and H. Dong, “Characterization of
microstructure obtained by quenching and partitioning process in low alloy
martensitic steel,” Material science and engineering A, vol. 527, no. 15, pp. 34423449, 2010.
[111] S.I. Wright and M.M. Nowell, “EBSD image quality mapping,” Microscopy
and microsanalysis, vol. 12, pp. 72-84, 2006.
[112] C. Hofer, F. Winkelhofer, H. Clemens and S. Primig, “Morphology change
of retained austenite during austempering of carbide-free bainitic steel,”
Materials science & engineering A, no. 664, pp. 236-246, 2016.
[113] L. Yue-jun, L. Yi-min, T. Yu-hua and H. Bo-yun, “Apparent morphologies
and nature of packet martensite in high carbon steels,” Journal of iron and
steel research international, vol. 13, no. 3, pp. 40-46, 2006.
[114] T. Maki, “Morphology and substructure of martensite in steels,” in Phase
transformation in steels, Cambridge, UK, Woodhead publishing limited, 2012,
pp. 34-38.
[115] G. Yan, L. Han, C. Li, X. Luo and J. Gu, “Characteristic of retained
austenite decomposition during tempering and its effect on impact
toughness in SA508 Gr.3 steel,” Journal of nuclear materials, vol. 483, pp. 167175, 2017.
[116] G.V. Voort, “Microstructure-etching in metallography-principles and
practice,” Ohio, ASM international, 1999, pp. 166-167.
[117] G.V. Voort, “Etching isothermally treated steels,” Heat treating progress,
2001.
[118] M.J. Santofimia, R. Petrov, L. Zhao and J. Siestsma, “Microstructural
analysis of martensite constituents in quenching and partitioning steels,”
Materials characterisation, vol. 92, pp. 91-95, 2014.
[119] J. Wu, P. J. Wray, C. I. Garcia, M. Hua and A. J. Deardo, “Image quality
analysis: a new method of characterization microstructures,” ISIJ
international, vol. 45, pp. 256-262, 2005.
[120] G. Krauss, Principles of heat treatment and processing of steels, Ohio:
ASM international, 1990.
156

REFERENCES

[121] K.W. Andrews, “Empirical formulae for the calculation of some
transformation temperatures,” Journal of the iron and steel institute, vol. 203,
no. 7, pp. 721-727, 1965.
[122] S.J. Lee and Y.K. Lee, “Effect of austenite grain size on martensitic
transformation of a low alloy steel,” Materials science forum, vol. 475, pp.
3169-3172, 2005.
[123] M. Pellizzari and A. Molinari, “Deep cryogenic treatment of cold work tool
steel,” in 6th international tooling conference, Karlstad, 2002.
[124] S.H. Talebi, H.G. Nanesa, M. Jahazi and H. Melkonyan, “In situ study of
phase transformations during non-isothermal tempering of bainitic and
martensitic microstructures,” Metals, vol. 346, no. 7, pp. 1-12, 2017.
[125] E. Pinto da Silva, W. Xu, C. Föjer, Y. Houbaert, J. Sietsma and R.H. Petrov,
“Phase transformations during the decomposition of austenite below Ms
in a low-carbon steel,” Materials characterisation, vol. 95, pp. 85-93, 2014.
[126] C. Lerchbacher, S. Zinner and H. Leitner, “Retained austenite
decomposition and carbide formation during tempering a hot-work tool
steel X38CrMoV5-1 studied by dilatometery and atom probe
tomography,” Metallurgical and materials transactions A, vol. 43 A, pp. 49894998, 2012.
[127] P. Yushkevich, “Changes in the fine structure of the austenite retained
when high speed steel is tempered,” Metallovedenie i term, vol. 2, pp. 14-20,
1960.
[128] D.J. Dyson and B. Holmes, “Effect of alloying addition on the lattice
parameter of austenite,” J. iron steel inst., vol. 208, no. 5, pp. 469-474, 1970.
[129] N. Ridley, H. Stuart and L. Zwell, “Lattice parameters of Fe-C austenites
at room temperature,” Trans. met. AIME, vol. 245, no. 8, pp. 1834-1836,
1969.
[130] F.G. Caballero, C. Capdevila and C.G.D Andres, “Modelling of kinetics of
austenite formation in steels with different initial microstructures,” ISIJ
international, vol. 41, no. 10, pp. 1093-1102, 2001.
[131] L.I. Kogan and R.I. Entin, “X-Ray diffraction study of lattice parameter of
austenite at intermediate transformation temperatures,” Fiz. metal.
metalloved., vol. 25, pp. 383-384, 1968.
[132] V. Landa, “The secondary martensitic transformation resulting from
tempering tool steels,” Metallovendenie i termicheskaya obrabotka metallov., vol.
3, no. 4, pp. 2-6, 1963.
157

REFERENCES

[133] A. Popandopulo, “Dilatometric study of the secondary martensitic
transformation in cobalt high-speed cutting steel,” Translated from
metallovedenie i termicheskaya obrabotka metallov, vol. 07, pp. 8-14, 1963.
[134] F.G. Caballero, C. Garcia-Mateo and C. Garcia de Andres, “Dilatometric
study of reaustenitisation of high silicon bainite steels: decomposition of
retained austenite,” Material Transactions, vol. 46, no. 3, pp. 581-586, 2005.
[135] H.S. Park, J.B. Soel, N.S. Lim, S.I. Kim and C.G. Park, “Study of the
decomposition behavior of retained austenite and the partioning of
alloying elements during tempering in CMnSiAl TRIP steels,” Materials &
design, vol. 82, pp. 173-810, 2015.
[136] J. Kirkaldy and D. Venugopalan, “Prediction of microstructure and
hardenability in low alloy steels,” in Phase transformations in ferrous alloys, New
York, TMS-AIME, 1983, pp. 125-148.
[137] W. Steven and A.G. Haynes, “The temperature of formation of martensite
and bainite in low alloy steels,” Journal of the iron and steel institute, vol. 183,
pp. 349-359, 1956.
[138] J. Chakraborty, D. Bhattacharjee and I. Manna, “Development of ultra fine
bainite+martensite duplex micrstructure in SAE 52100 bearing steel by
prior cold deformation,” Scriptia materialia, vol. 61, no. 6, pp. 604-607, 2009.
[139] D.R. Johnson and W.T. Becker, “Toughness of untempered upper and
lower bainitic microstructures in a 4150 steel,” JMEPEG, vol. 2, pp. 255264, 1993.
[140] F.G. Caballero, H. Roelofs, S. Hasler, C. Capdevila, J. Chao, J. Cornide and
C. Garcia-Mateo, “Influence of bainite morphology on impact toughness
of continuously cooled cementite-free bainitic steel,” Materials science and
technology, vol. 28, no. 1, pp. 95-102, 2012.
[141] H.K.D.H. Bhadeshia and D.V. Edmonds, “Bainite in silicon steels: new
composition-property approach part 2,” Metal science, vol. 17, no. 9, pp.
420-425, 1983.
[142] B.P.J. Sandvik and H.P. Nevalainen, “Structure-property relationships in
commercial low-alloy bainitic-austenitic steel with high strength, ductility
and toughness,” Materials science and technology, vol. 8, pp. 213-220, 1981.
[143] E. Vuorinen and X. Chen, “In-situ high temperature of austempered
silicon alloyed steels,” Materials science forum, vol. 638, pp. 3086-3092, 2010.

158

REFERENCES

[144] D.P. Koinstinen and R.E. Marburger, “A general equation prescribing the
extent of the austenite-martensite transformation in pure iron-carbon
alloys and plain carbon steels,” Acta metall, vol. 7, pp. 59-60, 1959.
[145] L.C. Chang and H.K.D.H. Bhadeshia, “Microstructure of lower bainite
formed at large undercoolings below bainite start temperature.,” Material
science and technology, vol. 12, pp. 233-236, 1996.
[146] M.A. Rehan and Berne Högman, “Effect of microstructure on the impact
toughness of a cold work tool steel,” in Proceedings of the 14th International
metallography conference, Leoben, 2014.
[147] J.W. Morris Jr., “The influence of Grain Size on the mechanical prroperties
of steel,” Dept. of material Sc. and eng. uni. of California, Berkeley and
Center for Adv. Mat., Lawrence Berkeley Lab., Berkeley, CA 942720.
[148] X. Li, X. Ma, S.V. Subramanian, C. Shang and R.D.K. Mishra, “Influence
of prior austenite grain size on martensite-austenite constituent and
toughness in the heat affected zone of 700 MPa high strength linepipe
steel,” Mat. Sci. & Eng. A, no. 616, pp. 141-147, 2014.
[149] T. Furuhara, N. Takayama and G. Miyamoto, “Key factors in grain
refinement of martensite and bainite,” Material science forum, Trans. Tech.
publications, Vols. 638-642, pp. 3044-3049, 2010.
[150] G. Krauss, “Deformation and fracture in martensitic carbon steels
tempered at low temperatures,” Metllurgical & materials transactions A, vol.
32, no. 4, pp. 861-877, 2001.
[151] S. Morito, H. Saito, T. Ogawa, T. Furuhara and T. Maki, “Effect of
austenite grain size on the morphology and crystallography of lath
martensite in low carbon steels,” ISIJ international, vol. 45, no. 1, pp. 91-94,
2005.
[152] S. Chatterjee and H.K.D.H. Bhadeshia, “Transformation induced plasticity
assisted steels: stress or strain affected martensitic transformation,”
Material science technology, vol. 23, no. 9, pp. 1101-1104, 2007.
[153] X. Wang and Y. Wang, “Control and use of residual austenitic morphology
in high carbon steel,” Transactions of metal heat treatment, vol. 2, no. 17, pp.
17-21, 1996.
[154] A. Molkeri, F. Pahlevani, I. Emmanuelawati and V. Sahajwalla, “Thermal
and mechanical stability of retained austenite in high carbon steel: An insitu investigation,” Materials letters, vol. 163, pp. 209-213, 2016.

159

REFERENCES

160

Tidigare avhandlingar – Produktionsteknik
PEIGANG LI Cold Lap Formation in Gas Metal Arc Welding
of Steel An Experimental Study of Micro-lack of Fusion
Defects, 2013:2.
NICHOLAS CURRY Design of Thermal Barrier Coatings,
2014:3.
JEROEN DE BACKER Feedback Control of Robotic Friction
Stir Welding, 2014:4.
MOHIT KUMAR GUPTA Design of Thermal Barrier Coatings
A modelling approach, 2014:5.
PER LINDSTRÖM Improved CWM Platform for Modelling
Welding Procedures and their Effects on Structural Behavior,
2015:6.
ERIK ÅSTRAND A Framework for Optimised Welding of
Fatigue Loaded Structures Applied to Gas Metal Arc Welding
of Fillet Welds, 2016:7.
EMILE GLORIEUX Multi-Robot Motion Planning Optimisation
for Handling Sheet Metal Parts, 2017:10.
EBRAHIM HARATI Improving fatigue properties of welded
high strength steels, 2017:11.
ANDREAS SEGERSTARK Laser Metal Deposition using
Alloy 718 Powder Influence of Process Parameters on
Material Characteristics, 2017:12.
ANA ESTHER BONILLA HERNÁNDES On Cutting Tool
Resource Management, 2018:16.

SATYAPAL MAHADE Functional Performance of Gadolinium
Zirconate/YSZ Multi-layered Thermal Barrier Coatings,
2018:18.
ASHISH GANVIR Design of suspension plasma sprayed
thermal barrier coatings, 2018:20.
AMIR PARSIAN Regenerative Chatter Vibrations in
Indexable Drills: Modeling and Simulation, 2018:21.
ESMAEIL SADEGHIMERESHT High Temperature Corrosion
of Ni-based Coatings, 2018:23.
VAHID HOSSEINI Super Duplex Stainless Steels.
Microstructure and Properties of Physically Simulated Base
and Weld Metal, 2018:24.
MORGAN NILSEN Monitoring and control of laser beam butt
joint welding, 2019:27

Effect of heat treatment on
microstructure and mechanical
properties of a 5 wt.% Cr cold work tool steel
This work presents investigations related to phase transformations occurring in the 5 wt.%
Cr cold work tool steel Caldie during hardening and tempering treatments. The inﬂuence
of austenitisation temperature, cooling rate, sub-zero cooling, isothermal treatment during
cooling, tempering temperature and holding time on the microstructure and mechanical
properties were investigated.
Austenitisation at 1075°C resulted in large prior austenite grains which produced coarse
martensite and a low impact toughness of the steel. It was found that retained austenite transformed to martensite on cooling after tempering at 525°C. This fresh martensite
was tempered by subsequent tempering treatments. Retained austenite was also found
to transform into ferrite and carbides during holding when tempering at 600°C for longer
times. Hence, austenitisation at 1020°C or 1050°C and tempering at 525°C for 2x2 h
was suitable to achieve a good combination of hardness, compressive strength and impact
toughness of Caldie.
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